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Summary of salient points:  
 
- The bioavailable DOM varied temporally in both Loch Creran (Scotland) and the Ría 
de Vigo (Spain) and controlled the seasonal variations in DOM.  
 
- DOP was found to be more bioavailable than DON and DON was more bioavailable 
relative to DOC. 
 
- The variation in bioavailable DOM was, in both areas, associated with changes in 
Chlorophyll a. 
 
- It was possible to derive both the bioavailable DOC and its rate constants from the 
DOM protein-like fluorescence, whereas refractory DOC could be estimated from in 
situ CDOM and humic-like substances in the Ría de Vigo.  
 
- Heterotrophic microbes were demonstrated to produce refractory and labile DOM with 
a coloured signal.  
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Abstract  
 
 
Dissolved organic matter (DOM) is the largest reservoir of organic matter in the ocean 
containing the same amounts of carbon as atmospheric carbon dioxide. DOM consists of a 
mixture of compounds ultimately originating from terrestrial and aquatic plant, and microbial 
materials. The complex chemical composition of DOM results in varying availability to 
microbes, containing a pool that is readily utilized by heterotrophic bacteria and a refractory 
part that resists biological degradation.  
In this study the seasonal variation in bioavailability of DOM was quantified in two 
contrasting marine systems: Loch Creran (Scotland) and the Ría de Vigo (Spain). The 
bioavailable DOM (BDOM) varied temporally at both stations and controlled the seasonal 
variations in DOM. Dissolved organic phosphorus (DOP) was found to be more bioavailable 
than dissolved organic nitrogen (DON) and DON was more bioavailable relative to dissolved 
organic carbon (DOC). The variation in BDOM was, in both areas, associated with changes in 
chlorophyll a. The DOM rate constants were observed to vary seasonally and they 
demonstrated that higher BDOM concentrations would lead to faster mineralization rates. 
Calculations from both areas suggested that they exported BDOM, which could contribute to 
bacterial production in the adjacent waters. It is shown that BDOM produced in the Ría de 
Vigo, with a half life time of 1.9 - 3.3 days, is significantly more labile than that produced in 
Loch Creran, with a half life time of 6 - 13 days.  
A fraction of DOM is coloured containing a part that absorbs (CDOM), and a part that 
absorbs and reemits the energy again (Fluorescence, FDOM). The relation between the optical 
properties of DOM and the bioavailability of DOC was tested in the Ría de Vigo. This study 
demonstrated that it was possible to derive both the bioavailable DOC and its rate constants 
from the DOM protein-like fluorescence, whereas refractory DOC could be estimated from in 
situ CDOM and humic-like substances in the Ría de Vigo.  
Heterotrophic microbes have often been viewed as the main consumers of DOM, but it 
is now evident that they can also produce DOM. The heterotrophic microbial production of 
DOM was studied using microbial communities from Loch Creran. The experiments 
demonstrated that the microbes produced refractory and labile DOM with a coloured signal.  
  
 x
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1.1. The Microbial Loop 
 
 
An important role of bacteria and DOM in the marine food web was proposed by 
Waksman & Carey in 1935 (Waksman & Carey 1935) but not before the late 1970 was this 
view broadly acknowledge in the scientific community (Williams 1981, Azam et al. 1983). 
Until then the view of the aquatic food web was rather simple, know as the “classic food 
chain”, which was formulated with phytoplankton being the base of the food web. 
Phytoplankton was eaten by zooplankton which subsequently was eaten by fish (Pomeroy 
1974). Then the concept of the “microbial loop” was formulated with bacteria and DOM 
turning out to be the main players (Williams 1981, Azam et al. 1983, Ducklow 1983). 
 
 
                           
Figure 1.1. A simplified diagram of the microbial loop 
connecting heterotrophic bacteria, phytoplankton, grazers, 
viruses and DOM. Arrows show flow of organic matter.  
 
 
The basis of the microbial food web is that large amounts of DOM, from extra-cellular 
release and due to mortality, are produced mainly by prokaryotes and eukaryotes (Figure 
1.1.). This DOM returns to the main food chain by bacterial uptake followed by flagellates 
and ciliates grazing of the produced bacteria. The protozooplankton can then be grazed by 
macrozooplankton and the energy is channelled back to the “classic” food chain. The 
microbial loop is a dynamic system driven by competition for nutrients between 
 Bacteria 
DOM 
Phytoplankton  
  Virus 
Protozooplankton 
 Zooplankton 
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phytoplankton and bacteria (Cotner & Biddanda 2002) and by predation (Fenchel 1982) and 
virus infections (Riemann & Middelboe 2002).  
 
 
1.2. What is DOM? 
 
 
The  chemical definition of “dissolved” is when a solid substance (e.g. glucose) is 
mixed with a liquid solvent (e.g. water) to yield a homogeneous mixture (Nagata 2008). From 
an operational point of view DOM is defined as the organic matter passing through either a 
0.7 or 0.2 µm filter, therefore it includes colloidal material, gels (polymer networks), and 
some bacteria and viruses (Hedges 2002). Material larger than this size is referred to as 
particulate organic matter (POM) (Figure 1.2.). This categorization has implications for the 
environment, as particulate organic carbon can sediment from the surface, while dissolved 
materials stay in the water column.  
The molecular weight (MW) of DOM in surface waters varies between 400 – 200,000 
Dalton (Benner 2002). DOM with a MW over 100,000 Da is referred to as high molecular 
weight (HMW-DOM) and, below this as low molecular weight (LMW- DOM) (Benner 
2002). HMW-DOM comprises 20 - 35% (Benner et al. 1992), and LMW-DOM 65 - 80% of 
marine DOM (Carlson et al. 1985). 
 
 
 
Figure 1.2. Differentiation between the size classes of organic matter 
(Modified from Verdugo et al. (2004)). 
 
 
                       mm                             µm                               nm  
 
          
POM DOC 
Zooplankton 
Phytoplankton 
Bacteria 
Virus 
Colloidal Truly 
Dissolved  
Macromolecules 
Microgels 
10-3                                              10-4            10-5                                              10-6               10-7            10-8             10-9              10-10                                               Meters                                              
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DOM in marine waters contains approximately 97% of all organic carbon in the ocean 
water column (Figure 1.3.), constituting an estimated global pool of 685 - 700 Gt-C equal to 
the CO2 in the atmosphere (Hansell & Carlson 1998b, Falkowski et al. 2000, Hedges 2002). 
DOM contains carbon (dissolved organic carbon - DOC), nitrogen (dissolved organic nitrogen 
– DON) and phosphorous (dissolved organic phosphorous – DOP) in an average molar ratio 
of 300:22:1 (Benner 2002), and thus is depleted in nitrogen and phosphorous when compared 
to the average phytoplankton biomass C:N:P ratio of 106:16:1 (Redfield 1958).  
 
 
Distribution of organic carbon in the ocean water column
Dissolved organic carbon in DOM 96.8%
Dead organic particles 2.9% 
Living organisms (ranging from 
bacteria to whales) 0.3%
 
Figure 1.3. Diagram showing the distribution of carbon in the ocean water column. 
(Modified from Hedges (2002)). 
 
 
The biochemical characterized fraction of DOM (e.g. monosaccharide, amino acids) 
can account for less than 15% of the total pool in marine waters (Benner et al. 1992). The lack 
of chemical characterization is due to the low concentrations of individual compounds and the 
high concentration of inorganic salt that interfere with the chemical measurements (Pakulski 
& Benner 1994, Benner 2002). In order to overcome these problems a fraction of DOM can 
be concentrated and isolated using ultra-filtration methods (Amon & Benner 1996) or 
absorption onto solid phases (XAD-resins) (Thurman 1985), and be used as a proxy for the 
whole DOM pool. But new techniques like electrospray-ionization mass spectrometry which 
can directly separate DOM into different fractions seems promising for future improved 
characterization (Kujawinski et al. 2004, Seitzinger et al. 2005). 
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1.3. Sources of DOM 
 
 
Potential DOM sources in marine waters are fish (Dundas 1985), macrophytes 
(Søndergaard 1981), macroalgae (Wada et al. 2008 ), particle hydrolysis (Smith et al. 1992), 
plankton (Møller et al. 2003, Kawasaki & Benner 2006), rain water (Cornell et al. 1995), 
riverine sources (Sobczak et al. 2005), and sediments (Burdige et al. 2004), with the most 
important sources in many areas being identified as riverine and plankton sources (Cauwet 
2002) . 
DOM in rivers originates from soils, wetlands, vascular macrophytes and river benthic 
algae (Findlay & Sinsabaugh 1999). The quantity, quality and time of these inputs to coastal 
waters depends on changes in hydrology (Jordan et al. 1997), climate and land use (Clair & 
Ehrman 1996, Findlay et al. 1998). Some studies have suggested that allochthonous DOM  is 
mostly refractory moving conservatively through aquatic ecosystems (Álvarez-Salgado & 
Miller 1998) while others have shown that exposure of allochthonous DOM to photo-
degradation facilitates its metabolism by bacteria, and therefore it should be considered an 
active component of coastal areas (Tranvik 1988, Findlay et al. 1998b, Kritzberg et al. 2005). 
Marine heterotrophic bacterioplankton production is broadly related to pelagic primary 
production, implying that phytoplankton (including photosynthetic algae and bacteria) are the 
main source of organic matter supporting heterotrophic bacteria (Cole et al. 1988, Ducklow 
2000). Phytoplankton produces DOM by extra-cellular release which can account for between 
5 and 30% of primary production (Karl et al. 1998). The % of extra-cellular DOM release is 
hypothesized to vary from species to species (Wetz & Wheeler 2007), and is enhanced under 
high light and low nutrient levels, and thus should increase relatively from eutrophic to 
oligotrophic areas (Bjørnsen 1986) probably as a mechanism for dissipating cellular energy 
(Wood & Valen 1990). The phytoplankton can also produce DOM by autolysis during 
physiological stress situations e.g. nutrient limitation (Boekell et al. 1992). Phytoplankton 
produced DOM appears to be bioavailable to microbes on the time scales of months (Fry et al. 
1996).  
Other studies have demonstrated DOM production in association with meso- and 
macro- zooplankton feeding on phytoplankton and bacteria (Hygum et al. 1997, Møller & 
Nielsen 2000). Zooplankton-mediated release of DOM occurs through sloppy feeding, 
excretion and defecation which can be important energy sources for microbes (Lampert 1978, 
Hygum et al. 1997). Such DOM production is highest during periods with high food 
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concentration and domination of large zooplankton species (Jumars et al. 1989, Møller & 
Nielsen 2001). Zooplankton grazing has been proposed to produce mainly labile DOM (Olsen 
et al. 1986), while others have found a more semilabile signal (Kragh & Søndergaard 2004).  
Bacteria have often been viewed as the main consumers of DOM, but it is now evident 
that they also produce DOM during cell division and lysis (Iturriaga & Zsolnay 1981, Ogawa 
et al. 2001, Kawasaki & Benner 2006). The biochemical components of bacteria is largely the 
same as other organisms, but several compounds from the cell wall are unique and can be 
used to trace bacterial derived DOM. These compounds include D-amino acids and 
peptidoglycan which are widely distributed in the ocean, suggesting that bacterial production 
of DOM could be important in marine systems (McCarthy et al. 1997). The degradation of 
bacterial derived DOM by other bacteria is variable as some parts are rapidly consumed (e.g. 
D-Alanine) while others remain detectable after many months (e.g. peptidoglycan) (Kawasaki 
& Benner 2006). 
Viruses are at the lowest end of the aquatic food web, nonetheless they are the most 
abundant life forms in the oceans where they infect algae, bacteria and zooplankton (Fuhrman 
& Suttle 1993). After infection the virus either enters a dormant (lysogenic) or productive 
(lytic) state (Fuhrman & Suttle 1993). The lytic cycle causes disruption of the cell(s) and 
release of mostly bioavailable DOM (Riemann & Middelboe 2002, Middelboe & Jørgensen 
2006).  
 
 
1.4. Removal of DOM 
 
 
The behaviour of DOM in coastal areas has previously been observed to be both 
conservative and non-conservative (Mannino & Harvey 2000). A non-conservative behaviour 
indicates that abiotic and biotic processes, not related to pure dilution or salinity gradients 
(conservative), influence DOM removal. Three main processes of quantitative importance 
have been identified to cause a non-conservative behaviour of DOM in coastal areas: 
1) Biological uptake and utilization (Wiegner et al. 2006);  
2) Photochemical reactions where DOM is either transformed into refractory 
compounds, degraded directly to CO2, or to compounds more bioavailable for bacterial 
uptake  (Miller & Moran 1997);   
General Introduction 
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3) Physical removal from the water column by aggregations and sorption of DOM to 
particles (Sholkovitz 1976, Chin et al. 1998).  
 
 
1.4.1. Biological degradation  
 
 
The average radiocarbon age of DOM ranges from 90 to 6600 years (Williams & 
Druffel 1987), suggesting that most of the DOM pool in marine waters is refractory to 
bacterial degradation. Given that the residence time of deep ocean water is about 1000 years, 
it suggests that parts of DOM are able to resist 6 cycles of exposition to sunlight and bacterial 
degradation. But a minor variable part of carbon, nitrogen and phosphorus bound in the DOM 
pool can be consumed by microbes which varies over seasons (Carlson & Ducklow 1995, 
Williams 1995), diurnal periods (Coffin et al. 1993, Zweifel et al. 1993) and between studies.  
The bioavailability of DOM is a function of the composition, the biochemical 
capability of the organisms involved, and the chemical and physical properties of the 
environment. The term bioavailable or labile does not have any strict time definition as the 
term has been used in experiments working with time scales varying between hours to several 
months (Hopkinson et al. 2002, Kragh & Søndergaard 2004, Nausch & Nausch 2006).  
The major biological sinks for DOM have been identified as phytoplankton (Bronk et 
al. 2006), cyanobacteria (Mulholland et al. 1999), heterotrophic bacteria (Lønborg & 
Søndergaard 2009), and protists (Tranvik 1993). The high surface area to volume ratio of 
bacteria compared with phytoplankton gives them a competitive advantage in DOM uptake, 
and therefore small phototrophic bacteria (e.g. Prochlorococcus) should be best fitted to 
compete with heterotrophic bacteria for organic nutrients (Zubkov et al. 2003). Thus bacteria 
seem to be quantitatively more important in DOM uptake relative to larger eukaryotes. 
Two types of approaches have been used to quantify the bioavailability of DOM, one 
uses laboratory incubations where the changes in DOM concentration is followed over time   
(Ogura 1972, 1975). These types of experiments have two major drawbacks: the long 
incubation times needed to reach stable DOM concentrations and the artificial environment 
(e.g. no light) created in the bottles during the incubations. The second approach assumes that 
surface water DOM contains both the labile and refractory pool, while deep water DOM is the 
refractory background. The difference between the deep water and the surface water DOM 
concentration gives therefore the combined concentration of labile and semi-labile DOM 
Chapter 1 
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(Williams & Druffel 1987, Carlson 2002). However this method does not provide any direct 
information on the specific turnover rates and can not differentiate between biological and 
photochemical degradation.  
Previous studies have found that DOP is more bioavailable relative to DON and DON 
relative to DOC (Figure 1.4.) (Banoub & Williams 1973), suggesting that DON and DOP are 
preferred during recycling in the microbial loop, leaving the standing DOM pool carbon rich 
(Jackson & Williams 1985, Hopkinson et al. 1997, 2002, Álvarez-Salgado et al. 2006). 
However, this is not always the case as DOC can also be more available than DON due to 
large productions of bioavailable carbohydrates by phytoplankton (Fajon et al. 1999).  
 
 
Used in Loch Creran 
Exported 
Refractory 
DOC DON DOP
Exported 
Used in Loch Creran 
Refractory 
Used in Loch Creran 
Exported 
Refractory 
 
Figure 1.4. The concentration of bioavailable and refractory DOC, DON and DOP in Loch Creran as 
presented in chapter 2. Most DOC (70%) was not degraded at all, while bioavailability of DON and DOP 
was higher with 51 and 90%, respectively. “Used in Loch Creran” and “Exported” indicates how much of 
the bioavailable DOM is used within the system and the bioavailable amounts exported. 
 
 
The bioavailable DON and DOP can, together with inorganic nutrients, influence the 
relations between new and regenerated production (NP and RP), where NP is the production 
supported by external nutrient inputs, and RP is maintained by nutrients recycled within the 
ecosystem. On average, 20-40% of the total production (TP = NP + RP) is thought to be 
recycled through DOM (Azam et al. 1983, Cole et al. 1988, Carlson 2002). 
Three major categories of DOM bioavailability have been defined based on general 
timescales of biological utilization (Kirchman et al. 1991, Carlson & Ducklow 1995):  
1) Labile: comprises the short time variability, recycled within the ecosystem it is 
produced, contributing to RP; 
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2) Semi-labile: controls the seasonal variability, and may be exported away from the 
ecosystems where it is produced and therefore contribute to NP; 
3) Refractory: comprises the long term variability, and are transported long distances 
by large scale ocean circulation.  
 
The differentiation between these pools may not be straight forward, as labile DOM 
(e.g. amino acids and glucose) under natural conditions, can be unavailable for assimilation 
due to binding with other DOM fractions, metals, or absorption to particles and be chemically 
altered (Gocke et al. 1981).  
Bioavailable DOM is furthermore observed to accumulate in marine systems. This has 
been explained by bacterial nutrient limitation (Williams 1995, Rivkin & Anderson 1997, 
Thingstad et al. 1997), protist grazing (Thingstad et al. 1999), temperature limitations (Chen 
& Wangersky 1996), and production of more semi-labile DOM (Søndergaard et al. 2000). 
Heterotrophic bacteria have a lower biomass C:N and C:P ratio than phytoplankton 
(Bratbak 1985, Vadstein & Olsen 1989) and therefore a higher demand for N and P. Bacteria 
have long been recognized to utilize mineral nutrients but the idea that bacteria can compete 
with phytoplankton for mineral nutrients, was only more recently established (Thingstad et al. 
1997, 1999). The limiting nutrient (bottom-up control) for bacteria has been found to vary 
between areas, with N, P or Fe all shown to limit growth (Cotner et al. 1997, Rivkin & 
Anderson 1997, Tortell et al. 1999), which can enhance the accumulations of labile DOC and 
determine whether it is exported away from the system produced (Zweifel et al. 1995, 
Thingstad & Lignell 1997, Thingstad et al. 1999). 
Other studies indicate that bacterioplankton abundance, community structure and 
production are regulated by grazing (top-down control) (Berninger et al. 1991). Protist 
grazing depends on the bacterial size, shape, and surface-specific properties and thus can vary 
between different bacterial genotypes resulting in extinction of some groups and growth 
stimulations of others by the release of nutrients (Simek et al. 2001). These processes have 
been suggested to both enhance and depress DOC degradation (Thingstad et al. 1999, Zweifel 
1999).  
Bacterial DOM degradation has furthermore been shown to be limited by low 
temperature, probably due to low extra–cellular enzymatic hydrolysis rates (Chen & 
Wangersky 1993, Kirchmann & Rich 1997, Nedwell 1999) and changing permeability of the 
bacterial cell membrane (Nedwell 1999). 
Accumulations of bioavailable DOM have also been linked with biochemical structure 
suggesting a semi-labile nature and escape from fast degradation (Thingstad et al. 1997). This 
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could be through production of more aliphatic carbon and changes in Carbon:Hydrogen, 
Carbon:Nitrogen and Carbon:Oxygen ratios, which has been shown to control the quantity of 
bioavailable DOM (Sun et al. 1997). Some studies have pointed to that HMW-DOM is more 
reactive than LMW- DOM, which is known as the “size-reactivity continuum theory” (Amon 
& Benner 1996). The concentration of LMW-DOM that can be directly taken up by bacteria 
is low in natural waters (Amon & Benner 1996), and a higher/lower lability of DOM could 
therefore be explained by varying proportion of more labile HMW-DOM compared with the 
slower degrading LMW-DOM. 
The uptake of bioavailable HMW-DOM is dependent on the microbial production of 
ectoenzymes and extracellular enzymes (Chrost & Rai 1993). This enzymatic 
depolymerization and transformation of labile DOM into smaller subunits can be rate-limiting 
for micro-organisms and influence their growth rates (Chrost & Rai 1993). The extracellular 
enzymes are substrate specific, implying that DOM composition controls their production and 
activity (Kirchman et al. 2004, Wilczek et al. 2005). Enzyme degradation rates may be 
influenced by differences in the complex structure of DOM (Janse et al. 1999), with variations 
in secondary and/or tertiary structures aiding or impeding enzymatic access to hydrolytic sites 
(Janse et al. 1999, Del-Giorgio & Davies 2003). The bacterial capability of producing 
enzymes depends ultimately on their gene pool, suggesting that bacterial community 
composition and genetic diversity could partly determine DOM degradation rates (Mou et al. 
2007). Studies with pure cultures have shown that the enzyme activity varies among bacterial 
species, but that there seems to be some plasticity in the enzyme produced by the bacteria 
(Martinez et al. 1996, Findlay et al. 1998, Foreman et al. 1998). Mou et al. (2008) further 
suggested that marine microbial communities are populated by taxa capable of degrading a 
variety of organic carbon compounds and that bacterial generalists dominate ocean surface 
waters. 
 
 
1.4.2. Photochemical reactions  
 
 
The majority (50 – 70%) of DOM discharged by rivers are coloured humic substances 
(Aiken et al. 1985) which contain C, N, and P (McKnight & Aiken 1998). These coloured 
DOM compounds can be transformed by photochemical reactions into reactive oxygen 
species (ROS) (Zafiriou et al. 1984, Scully et al. 1996), inorganic carbon (CO2 and CO) 
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(Miller & Zepp 1995), and smaller organic and inorganic compounds (Kieber et al. 1989, 
Bushaw et al. 1996) (Figure 1.5.). The ROS species may bleach DOM which can both 
enhance and depress microbial activity, as they, on one side, can convert refractory DOM into 
labile forms, but on the other can compete with bacteria for substrate (Scully et al. 2003). The 
direct photomineralization of DOC to CO2 can be an important sink for DOM, but bacteria 
gain little from this (Graneli et al. 1996). On the contrary the photochemical conversion of 
recalcitrant DOM into ammonium and amino acids produce substrate for bacteria (Vähatalo et 
al. 2003), but these reactions are often slow and the influence on the food web production 
seems minor (Vähatalo & Jarvin 2007). This photochemical degradation of DOM has been 
found to follow a similar pattern as microbial degradation, with an initial fast decrease 
followed by a slower degradation (Vähätalo & Wetzel 2004, Nieto-Cid et al. 2006). Whether 
this degradation pattern can be separated into a photochemical labile and semilabile DOM 
fraction still remains to be resolved.   
Sunlight can also mediate the transformation of organic compounds such as fatty acids 
into refractory humic-like substances, termed “photohumification” which represents a source 
of CDOM (Kieber et al. 1997).  
The importance of photochemical reactions in aquatic ecosystems depends on the 
transparency of the water column, and previous exposition to sunlight (Vähätalo & Wetzel 
2004). But the DOM composition can also influence the impact of photochemical reactions, 
as autochthonous DOM generally gets less bioavailable, and allochthonous DOM more 
bioavailable after UV exposure (Obernosterer & Benner 2004). Furthermore it has been 
established that photochemical processes generally are sinks for CDOM in areas with high 
initial levels and sources in waters with low levels (Ortega-Retuerta 2008). 
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Figure 1.5. View of photochemical processes impact on DOM (modified from Obernosterer (2000)).   
 
 
1.4.3. Physical processes 
 
 
DOM in coastal areas can also be modified by various physical processes. Typically, 
for DOM the processes are absorption to particles, bubble coagulation, condensation reactions 
flocculation and volatilisation. These can result in sedimentation and alteration of the DOM 
pool properties (Baskaran & Santchi 1993, Kepkay 1994). Abiotic aggregation of especially 
HMW-DOM has often been observed during rapid (minutes) shifts in salinity, as observed 
when rivers flush into marine waters, which can remove up to 30% of the DOM pool 
(Sholkovitz 1976, Mulholland 1981, Powell et al. 1996).  
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Figure 1.6. Flocculated eelgrass derived DOM (brown mass at the bottom 
of the flasks) (Present research). 
 
 
Adsorption of DOM to particles and minerals, and condensation processes (Figure 
1.6.) are independent of salinity and occur on the timescales of days. These processes can 
alter DOM bioavailability (Hedges & Keil 1999), as seen when liposome particles entrap 
labile proteins with the outer layer of lipids, protecting the inner parts from degradation 
(Nagata & Kirchman 1992, Borch & Kirchman 1999). 
The importance of these physical processes depends on the time scale of DOM 
production and degradation. As the rates of bacterial degradation often are orders of 
magnitude higher than the rates of abiotic processes (Hedges 1988) the impact should be 
largest during periods of DOM accumulations and for the pools with longer turnover times.  
 
 
1.5. DOM optical properties 
 
 
The coloured fraction of DOM (CDOM) (also called ‘chromophoric DOM’, yellow 
substances, geldstoff, or ‘coloured dissolved organic carbon’) (Kirk 1994) gives the water a 
characteristic brownish colour (McKee et al. 2002) and together with mineral/organic 
particles and phytoplankton controls the colour and optical properties of coastal waters 
(Bowers et al. 2004). The coloured fraction contains a part that absorbs (CDOM), and a part 
that absorbs and reemits the energy (Fluorescence, FDOM).  
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Figure 1.7. The characteristics of fulvic acids, humic acids  
and humins (Stevenson 1982). 
 
 
1.5.1. DOM absorption 
 
 
The majority of the CDOM pool is thought to be comprised of three fractions: fulvic 
acids (soluble at all pH), humic acids (insoluble at low pH) and humin (insoluble at any pH 
value) together called humic substances (Figure 1.7.). The fractions differ in aromaticity, with 
fulvic acids being less aromatic than humic acids (Harvey et al. 1983). They constitute 
between 30 - 50% of DOC in natural waters (Thurman 1985) and are mainly derived from the 
degradation of terrestrial and aquatic plant material (Kirk 1994). 
CDOM absorbs strongly in the UV and blue area of the light spectrum with the 
absorption coefficient decreasing exponentially with increasing wavelength reaching almost 
zero in the red region (Stedmon et al. 2000) (Figure 1.8.). As DOM in natural waters consists 
of a complex mixture of compounds, the absorption spectrum represents the sum of the 
different absorption peaks. The absorption coefficients of CDOM can be used to give an 
estimate of the “concentration” of CDOM and is often calculated using the equation:  
                                                            
L
A2.303
α λ
⋅
=λ  
where Aλ is the optical densities measured at e.g. 350 nm. The factor 2.303 converts from base 
10 to base e logarithms and the denominator L is the cell path length in metres. The choice of 
absorption wavelength is arbitrary, and several other values have been used in the literature 
(Stedmon et al. 2000). Previous studies have found that the absorption spectra changes both 
geographically (Bricaud et al. 1981) (Figure 1.8.), temporally (Kowalczuk et al. 2006), and 
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with terrestrial input (Stedmon & Markager 2001). The CDOM absorption can be influenced 
by the chemistry, source, diagenesis and molecular weight (MW) of fulvic acids and increases 
with decreasing aromatic content (Carder et al. 1989). Furthermore it has been shown that 
CDOM absorption is affected by ionic strength, pH shifts and decreases upon exposure to 
UV-radiation (Blough & Vecchio 2002, Vähätalo & Wetzel 2004).  
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Figure 1.8. Light absorption by the coloured fraction of DOM: 
Example of CDOM absorption spectra from Loch Creran (Blue, top) 
and Ría de Vigo (Red, bottom) (Present research). 
 
 
1.5.2. DOM fluorescence 
 
 
A fast and sensitive technique used for tracing DOM dynamics in marine waters is 
fluorescence spectroscopy. When irradiated by UV and blue light, a sub-fraction of the 
CDOM pool fluoresces. As for absorption the intensity and shape of the fluorescence spectra 
is determined by the concentration and chemical composition of DOM.  
The most commonly used fluorescence technique is called excitation-emission 
matrices (EEM) which involves exciting a sample over a range between 250 - 400 nm and 
recording the fluorescence emission between 350 - 550 nm (Coble et al. 1990, Coble 1996). 
By combining these data points a contoured map, showing fluorescent peak locations and 
intensities can be made (Figure 1.9.). Recent studies have shown that fluorescence 
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spectroscopy can be used for identifying amino acid-like and humic-like components of DOM 
(Burdige et al. 2004, Nieto-Cid et al. 2005, Stedmon & Markager 2005a). A different 
approach to excitation-emission matrixes is the use of specific excitation/emission DOM 
fluorescence wavelengths, which can also be used to detect and quantify aromatic amino-
acids and humic substances (Nieto-Cid et al. 2005, 2006).  
The amino acid-like DOM fluorophores have been attributed to the fluorescence 
amino acids tyrosine, tryptophan and phenylalanine (Wolfbeis 1985). These are likely present 
in DOM as free amino acids, dissolved proteins, in polypeptides or as other amino acid 
derivatives (Mayer et al. 1999, Yamashita & Tanoue 2004). The tryptophan-like DOM 
fluorescence generally dominates the amino acid fluorescence (Wolfbeis 1985), and can 
provide a rough estimate of total hydrolyzable amino acids THAA (Yamashita & Tanoue 
2003). Despite suggestions of a link between freshly produced DOM and "tryptophan-like" 
fluorescence (Stedmon & Markager 2005), there have been very few attempts to test whether 
this is true or not. One study has found that "tryptophan-like" fluorescence in algal cultures 
decreased rapidly from high initial levels, which suggests a degradation or transformation by 
bacteria (Ferrari & Mingazzini 1995). In contrast another study found that "tryptophan-like" 
DOM fluorescence increased after long-term microbial incubation in the dark, suggesting a 
bacterial origin and a refractory nature (Moran et al. 2000). 
The humic-like fluorophores are considered a part of the refractory DOM pool, but 
have also been identified as a by product of microbial respiration (Brophy & Carlson 1989, 
Kramer & Herndl 2004), where a fraction of the labile organic carbon is transformed into 
refractory organic matter instead of being oxidized to CO2 (Chen & Bada 1992, Hayase & 
Shinozuka 1995), suggesting that in situ production of these fluorophores can be used to trace 
microbial production and respiration processes. 
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Figure 1.9. Example of a fluorescence emission and excitation 
matrix sequence from incubation experiments described in chapter 5 
after 0 a) and 110 b) days of bacterial growth. 
 
 
These combined findings suggest that fluorescence measurements could, potentially, 
be used to trace labile and refractory compounds in marine systems in a cheap and quick way.  
 
 
1.6. Coastal waters 
 
 
Coastal waters are areas where the sea meets the land. These areas represent less then 
2% of the ocean surface (Pedersen et al. 2004) but they support a high diversity of marine 
habitats such as fjords and coastal upwelling systems (Dobson & Frid 1998). They are 
characterised by temporal variability, as a consequence of solar radiation and temperature 
(Kilham & Kilham 1980). 
Temperate fjords are characterised by fluctuating physical and chemical conditions 
driven by changes in tides, wind, freshwater inputs, solar radiation and temperature (Lalli & 
Parsons 1997). In these areas the biologically-mediated transformation of inorganic carbon 
and nutrients into organic forms is often high, mainly due to the large amounts of inorganic 
nutrients carried by rivers. The west coast of Scotland has over 100 fjords commonly 
described as sea-loch, characterized by one or more deep basins, which are isolated by 
relatively shallow rock sills, having a seaward flux of fresh water entering the loch at the head 
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and a saline inflow at the mouth (Allen & Simpson 1998). During most of the year sea-lochs 
show a strong stratification in salinity and temperature. The seasonal cycle can be divided into 
different stages with the productive season starting in early spring when solar irradiation 
increases and stratification of the water column begins. The plankton grows at the expense of 
inorganic nutrients accumulated in the water column during the autumn and winter (Tett & 
Wallis 1978, Tett 1986, Gillibrand et al. 1995). The productivity is kept high during summer 
due to internal recycling until autumn when a new bloom occurs, which is terminated by 
decreasing light levels and physical mixing during late autumn and winter. 
  
 
Table 1.1. Physical characteristics of the two areas studied in this thesis, Loch Creran (Scotland) and the Ría de 
Vigo.    
Characteristics Loch Creran Ría de vigo Reference
Area (km2) 10.8 176 (Tyler 1983, Álvarez-Salgado et al. 2009)
Length (km) 13 33 (Tyler 1983, Álvarez-Salgado et al. 2009)
Width (km) 1 5.3 (Tyler 1983, Álvarez-Salgado et al. 2009)
Volume (km3) 0.2 3.12 (Tett 1986, Álvarez-Salgado et al. 2001)
Average depth (m) 13 18 (Tyler 1983, Nogueira et al. 1997)
Flushing time (days) 12 7 (Tyler 1983, Nieto-cid et al. 2006)
Mean rain fall (mm year-1) 2100 1810 (Tett 1986, Álvarez-Salgado et al. 2009)
Surface water temp range (°C) 5.0-12.8 12.5-19.5 (Tett 1986, Álvarez-Salgado et al. 2009)
Water flow from rivers (m3year-1) 286 × 106 640 × 106 (Black et al. 2000, Gago et al. 2005)
Tidal change (m) 2.2 1.0-3.5 (Tyler 1983, Nogueira et al. 1997)
 
 
 
The first area studied in this thesis was Loch Creran (Table 1.1.; Figure 1.10.) which is 
situated on the north–west coast of Scotland approximately 15 km north of the town of Oban. 
Loch Creran consists of an upper small basin approximately 3 km long and 0.8 km wide, with 
a maximum depth of 40 m, and a lower basin 11 km long and 1.5 km wide with a maximum 
depth of 53 m. The loch is separated from the adjacent Loch Linnhe by a 5 m deep sill placed 
in a 0.2 km wide channel (Tett & Wallis 1978, Black et al. 2000). River Creran, at the upper 
basin is the main source of freshwater input, but due to its small size, the seasonal 
hydrodynamics follows the pattern outside the loch (Gage 1972). Loch Creran is in its 
dimensions, freshwater input, and tides close to the typical Scottish fjord and is thereby 
representative for all Scottish lochs (Landless & Edwards 1976). 
The seasonal changing biological, chemical and physical environments in Loch Creran 
are here proposed to create a pool of dissolved organic matter (DOM) with varying 
composition and lability to microbes.  
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Figure 1.10. Map showing the approximate position of the study 
areas Loch Creran (Scotland) and the Ría de Vigo (NW Spain). 
 
 
Eastern boundary coastal upwelling systems are located along the coasts of California, 
Oregon, Peru, Chile, Namibia, Benguela, Canary and the western Iberian Peninsula (Smith 
1989), although accounting for only 1% of total ocean surface area, coastal upwelling regions 
account for > 10% of global new production (Chavez & Toggweiler 1995). During upwelling 
the production of phytogenic materials is enhanced in response to the upwelling of nutrient 
rich bottom water, as a consequence of the circulation patterns, parts of this biomass are 
transported horizontally away by the currents. This high fertility and enhanced horizontal 
transport results in export of organic matter from upwelling regions that is 10 to 100 times 
higher than found in other coastal systems (Barber & Smith 1981, Walsh 1991). 
The Galician Rías Baixas are four coastal V-shaped embayments in the NW Iberian 
Peninsula situated at the boundary between the temperate and subpolar regimes of the eastern 
North Atlantic. The Rías are characterised by a 2-layered circulation pattern, with an ingoing 
bottom current and an outgoing surface current during upwelling events and a reversal of the 
flow during downwelling conditions. These embayments respond to wind stress/relaxation 
cycle periods of 1 - 2 weeks duration driving upwelling and downwelling episodes; with 
northerly winds resulting in upwelling dominating from April to October with cold and 
nutrient-rich water reaching the surface. From November to March, southerly winds dominate 
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resulting in downwelling forcing warm and nutrient-poor shelf surface water into the Ría 
(Álvarez-Salgado et al. 2003). In addition, continental runoff can also alter the circulation in 
the inner parts of the Rías (Gago et al. 2005).  
The second area studied in this thesis is the Ría de Vigo (Table 1.1.; Figure 1.10.), the 
southernmost of the Rías Baixas. Ría de Vigo is 32.5 km long and has a surface area of 176 
km2. There is great human pressure on the Ría de Vigo both because of the industrial city 
(Vigo), with an estimated population of ~300 000 inhabitants, and because of 550 mussel rafts 
of the blue mussel Mytilus galloprovincialis placed in the Ría. The most significant 
freshwater input is located in the innermost part of the Ría, the river Oitabén-Verdugo, which 
is not significantly affected by industrial or sewage wastes (Perez et al. 1992, Gago et al. 
2005). Three areas can be identified in the Ría de Vigo based on the degree of continental and 
oceanic influences. The inner zone, San Simon bay influenced by tides and the Oitaben-
Verdugo river; the middle zone under the influence of both continental runoff and oceanic 
forcing where also the city of Vigo is situated; lastly the external zone dominated by oceanic 
influence. The biogeochemical cycle of DOM in the NW Iberian upwelling system has been 
studied previously producing a complete DOC and DON data collection in the middle section 
of the Ría de Vigo and the adjacent shelf (Doval et al. 1997, Álvarez-Salgado et al. 1999). 
These studies showed accumulations of DOM, several days after the upwelling relaxation, 
when phytoplankton growth became limited by nutrients. The concentrations of dissolved 
organic carbon (DOC) and nitrogen (DON) were furthermore found to decrease from a 
surface maximum to a bottom minimum giving first estimates of the DOM bioavailability 
while the DOM turnover rates still remains to be estimated.  
 
 
1.7. Objectives and aims 
 
 
The overall aim of this thesis is to investigate the seasonal DOM bioavailability in two 
coastal areas. Given the restrictions in making direct estimates of DOM bioavailability and 
degradation in situ, I adopted an experimental approach using the concentration changes of 
DOM in laboratory incubations as a measure of bioavailability. This approach was preferred 
compared with the depth distribution of DOM, as microbial bioassays provide direct estimates 
of both bioavailability and turnover rates.  
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Previously, DOM was considered biologically unavailable (Krogh 1934) and was 
proposed to mix conservatively through coastal waters (Álvarez-Salgado & Miller 1998). But 
it has now been established that DOM is metabolically important in marine systems, 
supplying both energy (carbon) and nutrients (nitrogen, phosphorus) to prokaryotes (Azam 
1998). DOM consists of a small labile pool and a refractory background (Carlson & Ducklow 
1995), with the bioavailability depending on molecular size (Amon & Benner 1994) and 
chemical composition (Benner & Opsahl 2001). 
In coastal marine waters, temporal changes in the plankton community composition, 
and in physical and chemical conditions, have been studied in many areas of the world, 
including the two sites in this thesis, the Scottish sea-loch Loch Creran and the coastal 
upwelling system of the Ría de Vigo. Earlier studies have suggested that the microbial DOM 
bioavailability changes seasonally in coastal waters (Redfield et al. 1937, Armstrong & 
Harvey 1950, Duursma 1961), but this still remains to be established for the two sites studied 
in this thesis. Hence the first objective of this thesis was to measure the microbial DOM 
bioavailability over an annual cycle in these systems (Chapter 2 and 3). As these two areas are 
contrasting waters the second objective was to determine if there were differences in DOM 
bioavailability between the two systems (Chapter 6). These objectives were achieved by 
measuring the changes in DOM concentration during laboratory incubations.   
The null hypothesis (H0) of these first studies was that the DOM bioavailability would 
not vary seasonally or between these contrasting marine systems.  
 
The microbial metabolism of DOC has received considerable attention over the last 
decade due to its large quantity and impact on the global carbon cycle (Carlson 2002). The 
light absorbing fraction of DOM is termed coloured dissolved organic matter (CDOM) which 
contains a fraction that fluoresces when excited by light. The two major fluorescent 
components have been identified; the humic-like material (Blue fluorescence) proposed to be 
refractory and the protein-like compounds (UV fluorescence) seemingly bioavailable 
(Stedmon & Markager 2005).  
The objective of the next stage of the study (Chapter 4) was to test if changes in DOC 
bioavailability are related to changes in the DOM fluorescence signal. This objective was 
achieved using microbial laboratory incubations and monitoring changes in DOC, DOM 
absorption and fluorescence through time using water collected in Ría de Vigo. 
The null hypothesis (H0) was that changes in DOC bioavailability are not related to 
changes in the DOM fluorescence signal. 
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Bacteria represent the most abundant organisms in the ocean, where they have been 
shown to process half of the phytoplankton primary production (Ducklow 2000). Release of 
DOM by phytoplankton has been repeatedly observed in both nature and in laboratory studies 
(Obernosterer & Herndl 1995). Recent studies have proposed that bacteria also produce large 
quantities of DOM (Kramer & Herndl 2004, Kawasaki & Benner 2006), but it still remains to 
be established how much they produce and if this produced DOM is mainly bioavailable or 
refractory.  
The objective of the last part of the study (Chapter 5) in this thesis was to test if DOM 
produced by heterotrophic microbes isolated from Loch Creran is bioavailable or refractory.  
In order to quantify the bacterial production of bioavailable and refractory DOM the 
laboratory incubations technique used throughout this study was adopted. Artificial media 
with added available carbon, nitrogen, phosphorus and a natural microbial inoculum was used 
to mimic substrate rich conditions in coastal areas. Changes in DOM concentrations were 
thereafter monitored over a 100 days period in the laboratory.  
The null hypothesis (H0) was that marine heterotrophic microbial communities are 
unable to produce DOM from their growth media.  
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Bioavailability and bacterial rate constants of 
dissolved organic matter in a temperate coastal area 
during an annual cycle1 
 
 
Abstract  
 
 
The bioavailability and bacterial rate constants of dissolved organic matter (DOM) 
were determined over a seasonal cycle in Loch Creran (Scotland) by measuring the decrease 
in dissolved organic carbon (DOC), nitrogen (DON) and phosphorous (DOP) concentrations 
during long–term laboratory incubations (150 days) at a constant temperature of 14ºC. The 
experiments showed that bioavailable DOC (BDOC) accounted for 30 ± 11% of DOC 
(average ± SD), bioavailable DON (BDON) for 48 ± 15% of DON and bioavailable DOP 
(BDOP) for 89 ± 9% of DOP. The seasonal variations in DOM concentrations were mainly 
due to the bioavailable fraction. BDOP was degraded at a rate of 0.13 ± 0.03 day-1 (average ± 
SD) while the rate constants of BDOC and BDON were 0.07 ± 0.03 day-1 and 0.10 ± 0.03 
day-1 respectively, indicating a preferential mineralization of DOP relative to DON and of 
DON relative to DOC. Positive correlations between concentration and rate constant of DOM 
suggested that the higher the concentration the faster DOM would be degraded. On average, 
77 ± 9% of BDOP, 68 ± 9% of BDON and 53 ± 8% of BDOC were mineralized during the 
residence time of water in Loch Creran, showing that this fjord exported C–rich DOM to the 
adjacent Firth of Lorne. Four additional degradation experiments testing the effect of varying 
temperature on bioavailability and rate constants of DOM were also tested throughout the 
seasonal cycle (summer, autumn, winter and spring). Apart from the standard incubations at 
14ºC, additional studies at 8ºC and 18°C were also conducted. Bioavailability did not change 
with temperature, but rate constants were stimulated by increased temperature, with a Q10 of 
2.3 ± 0.5 for DOC and 2.8 ± 1.2 for DON (average ± SD) and 1.7 ± 1.1 for DOP.  
                                                 
1 Published as: Lønborg C., Davidson K., Álvarez-Salgado X.A., Miller A.E.J. 2009. Bioavailability and 
bacterial degradation rates of dissolved organic matter in a temperate coastal area during an annual cycle.  
Marine Chemistry 113, 219-226. 
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2.1. Introduction  
 
 
Dissolved organic matter (DOM) affects the function of aquatic ecosystems by 
influencing carbon (Søndergaard & Middelboe 1995) and nutrient budgets (Bronk 2002, Karl 
& Björkmann 2002). In coastal waters, DOM sources include phytoplankton exudation, cell 
lysis, loss by zooplankton feeding and terrestrial allochthonous organic matter (Zweifel et al. 
1995, Nagata 2000). Previous work suggests that both autochthonous and allochthonous 
DOM can be metabolized by bacteria (Tranvik 1988, Moran & Hodson 1990), with microbial 
availability depending on molecular size distribution (Amon & Benner 1996) and chemical 
composition (Benner & Opsahl 2001). 
Four processes of importance have been identified to remove DOM from the water 
column in coastal areas: (1) Photochemical reactions, where DOM is degraded to CO2 or to 
compounds bioavailable for bacterial uptake (Moran & Zepp 1997); (2) Loss via aggregation 
of DOM due to changes in ionic strength when freshwater mixes with sea water (Sholkovitz 
1976); (3) DOM sorption to particles (Chin et al. 1998); and (4) Bacterial uptake and 
utilization of the bioavailable fraction (Bronk 2002, Karl & Björkmann 2002). This article 
will address the bioavailability and bacterial rate constants of carbon, nitrogen and 
phosphorus DOM pools, as few studies have quantified them on seasonal scales.   
Earlier studies have revealed that bacterial uptake of bioavailable DOM (BDOM) does 
not necessarily follow production, leading to accumulations of these materials (Thingstad et 
al. 1997). This phenomenon is often explained by bacterial nutrient limitation (Williams 
1995, Zweifel et al. 1995), predatory control (Thingstad et al. 1997) and/or a semi–labile 
nature of BDOM (Søndergaard et al. 2000). Furthermore, temperature could impact on DOM 
cycling rates by enhancing or depressing bacterial BDOM degradation (Chen & Wangersky 
1996). Consequently, many processes influence BDOM leading to microbial rate constants 
ranging from hours to years (Williams 2000). The turnover of DOM has been proposed to 
occur with DOP more bioavailable than DON, which in turn is more bioavailable than DOC 
(Hopkinson et al. 1997, 2002). This scenario has been used to explain why marine DOM is 
enriched in C over N and even more depleted in P compared with the Redfield ratio, 
suggesting that N and P depletion of DOM could be linked with age (Williams 1995). 
However, studies have shown that fresh DOM can have high C:N ratios due to large 
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production of carbohydrates (Fajon et al. 1999), and furthermore some decomposition 
experiments suggest that DOC could be more degradable than DON (Kragh & Søndergaard 
2004), indicating that the linkage of DOM age with N and P depletion is not valid under all 
conditions.  
This study presents the results of a series of laboratory incubations with the purpose of 
(1) estimating the bioavailability of DOM (DOC, DON and DOP) over an annual cycle, (2) 
determining DOM rate constants and (3) assessing the influence of changing temperature on 
DOM bioavailability and rate constants in a temperate fjord, Loch Creran (Scotland).   
 
 
2.2. Methods  
 
 
2.2.1. Study site and water sampling  
 
 
Water samples were collected on 13 occasions from July 2006 to May 2007 at 5 m 
depth with a 10 L Niskin bottle in the main basin (station C3) of the fjord Loch Creran, West 
Scotland (Figure 2.1.). Loch Creran is 12.8 km long with an average depth of 13 m and a 
average flushing time of 12 days (Tyler 1983, Tett 1986). This average flushing time should 
be taken as a guideline as more recent estimates suggest flushing times varying between 5 and 
25 days. Loch Creran has a brackish surface layer created by freshwater runoff which is 
periodically broken down by mixing due to winds or tidal variations (Tett 1986). The fjord is 
in its dimensions, freshwater input, and tides close to the typical Scottish fjord and is thereby 
representative for all Scottish lochs (Landless & Edwards 1976). 
 
 
Bioavailability of DOM in Loch Creran 
 
 
 27 
 
Loch  
Creran  
Scotland  
× 
Loch  
Etive Firth of Lorne  
Loch  
Linnhe  
England  Wales 
 
Figure 2.1. Map of Scotland with the sampling station (X) in Loch 
Creran. 
 
 
2.2.2. Experimental design 
 
 
After collection the water sample was kept in the dark until arrival in the base 
laboratory, about 1 h after sample collection, where the filtrations and measurements 
commenced. In the laboratory, water samples were filtered through pre–combusted (450°C 
for 4 h) and pre–washed (with both Milli–Q and sampling water) GF/F filters (pore size ~ 0.7 
µm) and transferred to 2 L amber glass bottles. A microbial culture was established by adding 
an inoculum of GF/C filtered (pore size ~ 1.2 µm) water sample to the GF/F filtrate 
corresponding to 5% of the total volume with headspace of ~ 400 mL being left in the 
incubation flasks. The use of GF/C filters allows the passage of both autotrophic and 
heterotrophic microbes, but as the incubations were conducted in the dark using amber bottles 
placed inside darkened boxes, autotrophic organisms were not able to grow in the incubations.  
 The degradation experiments were conducted in duplicate with a total of six 
incubations per field sampling: two bottles received only the inoculum (control bottles), and 
two bottles received, in addition to the inoculum, carbon (C6H12O6, 20 µmol L-1) and either 
nitrate (KNO3–, 10 µmol L-1) or phosphate (KH2PO4, 1 µmol L-1) to ensure either phosphorus 
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or nitrogen limitation, allowing us to test if enhanced carbon and nutrient levels stimulate 
DOM bioavailability. The experiments were conducted in the dark, at 14°C for 150 days; this 
time scale was chosen to include both the labile and parts of the semi-labile DOM pool.  
 Additional incubation experiments, using the protocol described above, were 
undertaken at a range of temperatures. These were conducted four times throughout the 
season (28-Jul, 8-Sep-2006 and 16-Jan, 16-May-2007) with duplicate bottles at each 
temperature to test if changing temperature would influence the bioavailability and rate 
constants of DOM. The chosen temperatures were 8°C to correspond to the average winter 
temperature; 14°C representing the average summer/autumn temperature, and 18°C which 
represents a possible future temperature due to global warming. The degradation of DOM was 
measured as the decrease in DOC, DON and DOP concentrations. During the incubation 
period, a minimum of five sub-samples were collected (days 0, 5, 10, 50 and 150) from the 
duplicated 2 L amber bottles, using a 50 mL acid washed glass syringe mounted with a 13 
mm pre-combusted GF/F filter. The first 10 mL filtrate was discarded where after samples 
were collected to follow the time course concentrations of dissolved inorganic nitrogen (DIN, 
ammonium + nitrate/nitrite), dissolved inorganic phosphorus (DIP), dissolved organic carbon 
(DOC), total dissolved nitrogen (TDN) and total dissolved phosphorus (TDP). All glassware 
used was first acid–washed in 2M HCl for 24 h, and then washed 3 times with Milli–Q and 
incubation water before use. Sub-samples for DOC and TDN analysis were collected directly 
in pre–combusted (6 h) glass ampoules (10 mL) and preserved by adding 10 µL 85% H3PO4. 
Samples for DIN, DIP and TDP were kept frozen at -20ºC and analyzed within a week after 
collection.  
 
 
2.2.3. Measurements 
 
 
Samples for chlorophyll a and particulate organic matter (POM) determination were 
collected on precombusted (450°C for 4 h) 47 mm diameter GF/F filters, dried overnight and 
thereafter frozen (-20°C). Chlorophyll a concentrations were measured in 96% ethanol after 
24 h extraction in the dark, using a Thermo Nicolet Evolution 300 spectrophotometer. 
Measurements of POC and PON were carried out using a 20-20 ANCA GSL mass 
spectrometer (PDZ Europa), calibrated with isoleucine. Filters were fumed with concentrated 
HCl to remove inorganic C and packed in tin disks and injected into the vertical quartz 
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furnace of the analyser and were combusted to CO2, N2 and H2O (Nieuwenhuize et al. 1994). 
Particulate phosphorus (POP) was determined by suspending the filters in 20 mL of Milli-Q 
water and wet-oxidizing in acid persulphate for 90 min. Particulate-P was measured as 
liberated orthophosphate with the standard molybdenum blue technique (Hansen & Koroleff 
1999). DOC/TDN samples were measured in at least triplicates with a Shimadzu TOC 
analyzer (Pt–catalyst) connected with an Antek–TN measuring unit. Using the deep ocean 
reference (Sargasso Sea deep water, 2600 m) a concentration of 45.7 ± 3.0 µmol L-1 (average 
± SD) for DOC and 22.0 ± 1.9 µmol L-1 for TDN was obtained. The nominal value for DOC 
provided by the reference laboratory is 44.0 ± 1.5 µmol L-1, while the TDN value is 21.1 ± 0.8 
µmol L-1. Standards for DOC and TDN were made from potassium hydrogen phthalate 
(C6H4(COOK)–COOH) and glycine (NH4CH2COOH), with the concentrations of DOC and 
TDN calculated using a daily calibration curve with 4 points and subtraction of a blank value. 
DON concentrations were calculated as the difference between TDN and DIN (DON = TDN 
– DIN) with the standard error (SE) calculated as the sum of the contributions: SE2DON = 
SE2TDN + SE2NH4 + SE2NO2/NO3. 
DIN and DIP were measured in triplicate by automated analysis and manual 
ammonium molybdate methods, respectively (Hansen & Koroleff 1999). TDP was measured 
in triplicate by the ammonium molybdate method as inorganic phosphorus after a wet 
oxidation in acid persulphate (Hansen & Koroleff 1999). The oxidation efficiency was tested 
with adenosine 5´–triphosphate (ATP) obtaining recoveries between 85 and 96%. DOP was 
calculated as the difference between TDP and DIP (DOP = TDP – DIP) with the SE for DOP 
calculated as: SE2DOP = SE2TDP + SE2DIP.  
The kinetics of DOM degradation was described by a first–order exponential decay 
model taking the refractory pool into account:   
                     ( ) RDOMtk·expBDOM)t(DOM DOM +⋅−=                 (1) 
Where DOM(t) is the amount of DOM remaining at time t, BDOM is the bioavailable pool 
(µmol L-1), kDOM the rate constant (day-1), t the time (days) and RDOM the remaining pool 
after 150 days of incubation (in µmol L-1). The bioavailable and refractory DOM pools were 
defined as the parameters BDOM and RDOM found by Statistica 6.0.  
DOM degradation has been described using various decay models. In this study we 
decided to use a model with 2 pools (bioavailable and refractory), however we are aware that 
this model represents a simplified description of DOM degradation. As in reality it should be 
considered as a continuum of pools with decreasing lability. 
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The Q10 coefficient for the effect of increasing temperature on the DOM rate constant 
was calculated as:  
                           
12 TT
10
1
2
10 k
kQ
−






=                                     (2) 
k1 and k2 are the rate constants (day-1) at temperatures T1 and T2. Three temperatures were 
tested: 8, 14 and 18ºC.  
Regression analyses were performed using the best–fit between the two variables X 
and Y obtained by regression model II as described in Sokal & Rohlf (1995). Prior to the 
regressions, normality was checked. The confidence level was set at 95% with all statistical 
analyses conducted in Statistica 6.0.  
 
 
2.3. Results and Discussion 
 
 
2.3.1. Hydrography of Loch Creran  
 
 
Environmental characteristics of the seasonal cycle in Loch Creran are presented in 
Figure 2.2.  Figure 2.3. shows the seasonal cycles of DOC, DON and DOP concentrations in 
Loch Creran, which ranged from 82 to 155 µmol L-1 for C, 6 to 12 µmol L-1 for N, and 0.1 to 
0.2 µmol L-1 for P. Chlorophyll a, particulate organic matter (POM) (Figure 2.2.a, c) and 
DOM (Figure 2.3.) showed opposite seasonal patterns of those of temperature, salinity and 
inorganic nutrients (DIN and DIP) (Figure 2.2.a, b). Maximum concentrations were recorded 
in spring, with high levels maintained during summer stratification and minimum values 
reached during winter mixing, describing the expected seasonal cycle of a temperate fjord 
system. 
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Figure 2.2. Field conditions in Loch Creran at the sampling site during 2006 to 2007, with (a) salinity, 
temperature, chlorophyll a, (b), ammonium (NH4+), nitrate/nitrite (NO3-/NO2-), dissolved inorganic phosphorus 
(PO42-), (c) particulate organic carbon (POC), nitrogen (PON) and phosphorous (POP) at time of sample 
collection. Values for chlorophyll a, nutrients and POM are mean values of 3 replicates ± standard error. 
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2.3.2. DOM bioavailability  
 
 
Since our incubations were closed to new production, they forced the bacterial 
community to use the BDOM produced in situ prior to these experiments. The refractory 
DOM pool was defined as the concentration in the sample after 150 days of incubation, 
although reaching the “true” refractory endpoint would probably require longer incubation 
times.  BDOM ranged from 6 to 65 µmol L-1 for C, 2 to 7 µmol L-1 for N, and 0.05 to 0.18 
µmol L-1 for P (Figure 2.3.). It represented 30 ± 11% of DOC (average ± SD), 48 ± 15% of 
DON and 89 ± 9% of DOP. Overall, the % bioavailability was highest for DOP followed by 
DON and DOC. 
The contributions of BDOM to the bulk DOM pool in Loch Creran are comparable 
with literature values for marine waters of 19 ± 12% for DOC and within the wide range of 0 
– 72% found by Søndergaard & Middelboe (1995) using incubations periods from 5 to 7 days. 
It was somewhat higher than the average value for DON of ~30%, reported by Bronk (2002) 
and Lønborg & Søndergaard (2009) in incubations lasting from 5 to 150 days. Values are also 
in the top end of those previously reported for DOP (Nausch & Nausch 2006, 2007) in 
incubations of 4 to 7 days duration. However, Hopkinson et al. (2002), when studying the 
three DOM pools in the middle Atlantic Bight using long term incubations (180 days), found 
that BDOM represented 30%, 40% and 80% of the bulk DOC, DON and DOP, respectively. 
These percentages are quite comparable with the values obtained in this work.     
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Figure 2.3. Temporal variability in total, bioavailable and refractory (a) DOC, (b) DON and (c) DOP. 
Error bars represent standard errors. 
 
 
The seasonal cycles of BDOM and DOM were parallel for the C, N and P pools 
(Figure 2.3.) with significant positive linear relationships found between DOC/BDOC, 
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DON/BDON and DOP/BDOP (Table 2.1.). The slopes of the linear regressions were not 
significantly different from 1 (Table 2.1.), indicating that the seasonal variation of DOC, 
DON and DOP was in fact due to BDOC, BDON and BDOP, respectively, as previously 
suggested (Williams 1995, Nausch & Nausch 2006, 2007). The intercepts of these regressions 
indicate the refractory concentrations of DOC, DON and DOP (i.e. the portion that is 
refractory on 150-day timescales). These were 77 ± 4 µmol L-1 for C, 5.0 ± 0.5 µmol L-1 for N 
and 0.02 ± 0.01 µmol L-1 for P (Table 2.1.). The refractory DOC calculated in this study is 
about twice the in situ DOC concentration in the deep sea (35 – 45 µmol L-1) (Hansell & 
Carlson 1998a) which is generally considered resistant to bacterial degradation.  By contrast, 
the refractory concentration of DON was only slightly higher than levels found in the deep 
sea (< 3µmol L-1) (Bronk 2002). For the case of DOP, the refractory value is around the 
detection limit of the method, but resembles the levels found in the incubations in other 
studies (Karl & Björkmann 2002, Nausch & Nausch 2006). 
BDON and BDOP were correlated with inorganic nitrogen and phosphorus (Table 
2.1.) and BDOC was positively linearly related with salinity (Table 2.2.). BDOC, BDON and 
BDOP showed approximately similar patterns as temperature, chlorophyll a and POM (Table 
2.2.). These results strongly indicate that the differences in DOM bioavailability are related to 
the seasonal variations in plankton biomass and activity. With higher levels in spring and 
summer when continental runoff decreases, solar irradiation increases and plankton grow at 
the expense of the inorganic nutrients accumulated in the water column during the autumn 
and winter. 
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Table 2.1. Significant regressions between BDOM and DOM, Inorganic nutrients (DIN, DIP) and rate 
constants at 14ºC (kDOC, kDON and kDOP) obtained by fitting the exponential decay of DOC, DON and DOP 
with time. Slope and intercept were found by Model II and the standard error by Model I regression.  R2 = 
coefficient of determination and p = significant levels. 
X Y Slope Error Intercept Error R2 p
BDOC DOC 1.1 ± 0.1 77 ± 4 0.90 < 0.0001
BDON DON 0.9 ± 0.1 5.0 ± 0.5 0.87 < 0.0001
BDOP DOP 0.93 ± 0.05 0.02 ± 0.01 0.97 < 0.0001
DIN BDON -0.70 ± 0.2 7.5 ± 0.7 0.52 < 0.002
DIP BDOP -0.18 ± 0.01 0.2 ± 0.02 0.49 < 0.008
BDOC kDOC 0.0014 ± 0.0003 0.013 ± 0.0154 0.6 < 0.006
BDON kDON 0.01 ± 0.004 0.054 ± 0.018 0.38 < 0.02
BDOP kDOP 0.53 ± 0.16 0.06 ± 0.04 0.54 < 0.0001
 
 
 
The slopes of the relationships between BDON/DIN and BDOP/DIP provide an 
estimate of the mineralized N and P derived from the decomposition of DOM (Hopkinson et 
al., 1997). This indicates that 70 ± 20% of DIN in Loch Creran originated from BDON and 18 
± 1% of the net production of inorganic phosphorous was derived from BDOP (Table 2.1.). 
Changes in DOM bioavailability have previously been explained by nutrient and 
temperature limitation, varying terrestrial inputs, biological production of refractory DOM, 
UV-light, changing bacterial community and chemical composition (Benner & Opsahl 2001, 
Del-Giorgio & Davies 2003, Kawasaki & Benner 2006). Recent studies have found that 
bacterial growth and experimentally determined bioavailability can be limited by carbon and 
nutrients (Pinhassi et al. 1999, Lønborg & Søndergaard 2009). Our treatments with added 
carbon and inorganic nutrients exhibited no significant effect in terms of the amounts of DOM 
measured as bioavailable and refractory (Appendix 1.), suggesting that, in Loch Creran, 
inorganic nutrients were sufficient for a complete mineralization of the accumulated BDOM.  
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Table 2.2. Matrix of the correlation coefficient (R2) of the significant (p < 0.05) linear 
regressions between DOM bioavailability and hydrological data from Loch Creran. n.s. – 
not significant. 
X Salinity Temperature Chl a POC PON POP
BDOC 0.44 0.50 0.45 0.50 0.77 0.53
BDON 0.51 0.57 0.28 0.32 0.53 0.43
BDOP n.s. 0.39 0.27 0.54 0.66 0.65
 
 
 
Low temperatures have been shown to both alter rate constants and bioavailability of 
organic matter, as the ability of an organism to sequester substrate declines at low temperature 
(Nedwell 1999). However, there were found no differences in DOM bioavailability with 
varying temperature, suggesting that the amounts mineralized over large time scales (150 
days) were temperature independent.  
 If RDOM levels are solely related to changes in terrestrial inflow a significant 
relationship between the RDOM pool and salinity would be expected. Such a relation was not 
found, suggesting that other processes were influencing the RDOM pool. Microbial 
communities have been shown to produce refractory products from labile DOM and inorganic 
nutrients (Kawasaki & Benner 2006). These transformations did not appear to be of great 
importance in our incubations, as the addition of labile carbon and inorganic nutrients did not 
increase the RDOM levels significantly.  
Photochemical processes can lead to both reduced and enhanced DOM bioavailability, 
with the impact probably depending on the source and chemical composition of DOM 
(Tranvik & Bertilsson 2001). In this study the incubations were conducted in the dark and 
only in situ UV light could have influenced the DOM pool, as a result the impact was not 
possible to assess here.  
Bacterial community composition has been reported to vary both seasonally and 
during incubation experiments (Pinhassi & Hagström 2000, Massana et al. 2001). These 
changes could have occurred in our study, but a major influence seems unlikely as previous 
studies suggest that the measured DOM bioavailability is independent of the added bacterial 
population (Janse et al. 2000), with chemical composition having been shown to largely 
determine DOM bioavailability (Benner & Opsahl 2001).  
In our study, bioavailability appears to be linked to the plankton suggesting that the 
range of rate constants could be a consequence of differing reactivity of the compounds 
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produced by the plankton community. This could be through plankton seasonal changes in 
species composition, as a coupling between varying community and DOM chemical 
composition haveing been suggested by Sun et al. (2004).   
 
 
2.3.3. DOM stoichiometry 
 
 
Figure 2.4. shows the significant linear relationships between DOC, DON and DOP (p 
< 0.02). These relations suggest that the time course of the three DOM pools are parallel 
through the seasonal cycle.  The significant origin intercepts of these regressions also suggest 
that a background level of DOC of 22 ± 10 and 57 ± 8 µmol L-1 would persist when DON and 
DOP reached zero, respectively. Furthermore, the origin intercept of the relationship between 
DON and DOP shows that 3.4 ± 0.9 µmol L-1 of DON would remain when DOP is completely 
depleted.  
The slopes of the regressions provide the average C:N:P molar ratios of DOM 482 (±  
75):46 (± 17):1. This can be compared with the average stoichiometry of BDOM, obtained 
also from the slopes of the significant (p < 0.05) linear relationships between BDOC, BDON 
and BDOP (Figure 2.4.) 357 (± 53):33 (± 9):1. Note that the origin intercept of the regressions 
between the three BDOM pools is not significantly different from zero, as one might expect 
considering that approximate background concentrations of 77 ± 4 µmol L-1 of DOC, 5.0 ± 
0.5 µmol L-1 of DON and 0.02 ± 0.01 µmol L-1 of DOP are reached after 150 days of 
incubation (see origin intercepts in Table 2.1.). The overlapping standard errors of the C:N:P 
molar ratios of DOM and BDOM indicate that they were not significantly different, 
supporting the suggestion that the slopes of the linear regressions between DOC, DON and 
DOP can be used as a proxy of BDOM stoichiometry (Hopkinson et al. 2002, Álvarez-
Salgado et al. 2006). 
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Figure 2.4. X–Y plots of (a) DON with DOC (top), BDON versus BDOC (bottom), (b) DOP 
with DOC (top), BDOP versus BDOC (bottom) and (c) DOP versus DON (top), BDOP 
versus BDON (bottom). Solid and dashed lines represent the corresponding regression and 
error bars are standard errors. R2 = coefficient of determination, p = significant level. 
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The C:N molar ratio of BDOM, 8 (± 2):1, was not significantly different from the 
Redfield ratio characteristic of the products of synthesis and early degradation of marine 
phytoplankton (6.7 :1) (Redfield et al. 1963), or from phytoplankton produced DOM (11 :1) 
(Conan et al. 2007) as observed in other coastal ecosystems (Hopkinson et al., 1997; 2002; 
Álvarez–Salgado et al., 2006), strongly indicating the planktonic origin of BDOM. In 
contrast, the average C:P molar ratio of BDOM, 357 (± 53):1 was strongly P depleted 
compared with the Redfield ratio of 106 as observed by other authors (Hopkinson et al. 1997, 
2002, Álvarez-Salgado et al. 2006) but within the wide range found for recently produced 
algae DOM, from ~ 17 to 500 (Conan et al. 2007). When compared with the Redfied ratio of 
16:1, and the ratio of 6.5:1 for fresh plankton DOM (Conan et al. 2007), the average N:P 
molar ratio for BDOM, 33 (± 9):1 again suggests P depletion. High C:N:P ratios of BDOM 
may either be due to plankton release of C–rich labile compounds such as mono and 
polysaccharides under in situ N– and/or P–depleted conditions (Williams 1995, Fajon et al. 
1999) or/and in-situ preferential degradation of the N– and/or P–rich compounds (Hopkinson 
et al. 1997, 2002). The in-situ nutrient levels in Loch Creran (Figure 2.2.b) as well as the 
nutrient enrichment experiments carried out in this work suggest that the release by 
phytoplankton of C–rich labile compounds is not responsible for the observed stoichiometry 
of BDOM. Furthermore, the significant origin intercepts of the regressions between 
DOC/DON, DOC/DOP and DON/DOP as well as the high slopes of the regressions between 
BDOC/BDOP and BDON/BDOP (Figure 2.4.) show that DOP was mineralised faster than 
DON and DON faster than DOC in the field, prior to the incubation experiments, which links 
the C:N:P stoichiometry of BDOM in this area with age (Williams 1995).  
 
 
2.3.4. DOM rate constants 
  
 
Table 2.3. summarises the first order rate constants of the BDOM confined in the 
incubation bottles which were obtained by fitting the observed exponential degradation of 
DOC, DON and DOP with time. It should be noted that using this method, the lability of 
BDOM is a function of the time steps being employed to measure reactivity.  Given that our 
time step is > 5 days and that the number of observation points was 5, the model just 
considered a singular labile DOM pool. The DOC rate constant (kDOC) at 14°C was 0.07 ± 
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0.03 day-1 (average ± SE), ranging from 0.01 to 0.12 day-1. kDOM values were maximum in 
spring/summer and minimum in winter. A significant (p < 0.006) positive correlation was 
found between the degradation constants and the initial concentration of BDOM (Table 2.1.), 
implying that higher BDOM concentrations would lead to faster mineralization rates as 
observed by Hopkinson et al. (1997) in Georges Bank.  
 
 
Table 2.3. Rate constants obtained by fitting the exponential decay of DOC, DON and DOP with time at 
varying temperature (T, °C) for DOC, DON and DOP ± standard error; R2 = coefficient of determination; 
Numbers of points used for the estimate was 5 or 6 in all cases.  
Date T (ºC) kDOC (day-1) R2 kDON (day-1) R2 kDOP (day-1) R2
8 0.08 ± 0.02 0.98 0.08 ± 0.02 0.87 0.15 ± 0.01 0.85
28-Jul-2006 14 0.10 ± 0.01 0.94 0.14 ± 0.01 0.93 0.16 ± 0.04 0.82
18 0.17 ± 0.01 0.99 0.21 ± 0.04 0.88 0.33 ± 0.01 0.85
11-Aug-2006 14 0.07 ± 0.01 0.97 0.09 ± 0.04 0.83 0.14 ± 0.02 0.84
24-Aug-2006 14 0.12 ± 0.03 0.97 0.16 ± 0.03 0.84 0.19 ± 0.04 0.81
8 0.06 ± 0.01 0.98 0.07 ± 0.01 0.85 0.08 ± 0.03 0.76
8-Sep-2006 14 0.10 ± 0.02 0.99 0.10 ± 0.01 0.94 0.17 ± 0.03 0.81
18 0.12 ± 0.02 0.97 0.14 ± 0.02 0.83 0.12 ± 0.01 0.77
4-Oct-2006 14 0.06 ± 0.01 0.91 0.11 ± 0.02 0.85 0.10 ± 0.05 0.53
17-Oct-2006 14 0.10 ± 0.04 0.87 0.11 ± 0.02 0.84 0.13 ± 0.02 0.81
11-Dec-2006 14 0.02 ± 0.01 0.97 0.08 ± 0.01 0.93 0.09 ± 0.05 0.82
8 0.03 ± 0.01 0.95 0.03 ± 0.01 0.87 0.08 ± 0.05 0.72
16-Jan-2007 14 0.04 ± 0.03 0.97 0.10 ± 0.01 0.96 0.10 ± 0.01 0.81
18 0.10 ± 0.06 0.97 0.12 ± 0.01 0.86 0.16 ± 0.05 0.83
8-Feb-2007 14 0.01 ± 0.01 0.75 0.03 ± 0.02 0.83 0.07 ± 0.03 0.64
22-Feb-2007 14 0.08 ± 0.01 0.96 0.09 ± 0.01 0.83 0.13 ± 0.01 0.66
20-Mar-2007 14 0.06 ± 0.01 0.96 0.10 ± 0.01 0.87 0.15 ± 0.03 0.86
11-Apr-2007 14 0.07 ± 0.01 0.92 0.09 ± 0.01 0.90 0.11 ± 0.01 0.96
8 0.05 ± 0.01 0.92 0.06 ± 0.01 0.85 0.18 ± 0.05 0.67
16-May-2007 14 0.07 ± 0.03 0.91 0.09 ± 0.05 0.90 0.11 ± 0.03 0.78
18 0.09 ± 0.02 0.92 0.13 ± 0.03 0.92 0.08 ± 0.06 0.53
 
 
 
Consistent with other studies (Garber 1984), the rate constants of DOC, DON and 
DOP followed the same pattern (Table 2.1.). The rate constants further showed that DOC and 
DON were degraded slower than DOP, in agreement with the general acceptance that the 
degradation of DOM follows the sequence DOP > DON > DOC (Garber 1984, Hopkinson et 
al. 1997, 2002). This result is consistent with the previous discussion of C:N:P stoichiometry 
of the initial BDOM in the incubation flasks, suggesting that fractionation during DOM 
mineralization occurs before and during the incubation period. A significant (p < 0.002) 
positive correlation was observed between kDOC, kDON and kDOP, with the slope and intercept 
of these relations indicating the overall metabolic reaction and enzymatic reaction rates of 
DOM respectively (Figure 2.5.). The half–live times of DOC, 13 ± 9 days (average ± SD), 
Bioavailability of DOM in Loch Creran 
 
 
 41 
DON, 8 ± 4 days and DOP, 6 ± 2 days, calculated from the degradation coefficients as the 
time when half of BDOM was degraded, suggest that DOC rate constants obtained in this 
study resemble the degradation of semi–labile DOC, while DON and DOP rate constants are 
closer to those for the degradation of labile DOM found in other studies (Garber 1984, 
Hopkinson et al. 1997, 2002, Kragh & Søndergaard 2004). 
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Figure 2.5. Plots of the relationship between rate constants (day–1) for BDOM 
predicted from the exponential decay model with (a)  kDON vs. kDOC , (b) kDOP vs. kDOC  
and  (c) kDOP vs. kDON. The dashed line represents a 1:1 line where the rate constants 
would be equal and the solid lines represent the regression lines found. Error bars 
represent standard errors. 
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The efficiency of Loch Creran to process the BDOM can be calculated from the 
exponential decay model using the rate constants at a typical summer water temperature of 
14°C and using the average flushing time of water of 12 days (Tyler 1983, Tett 1986). It was 
found that 77 ± 9% of BDOP (average ± SD) is mineralized within the fjord, while only 53 ± 
8% and 68 ± 9% of DOC and DON are degraded, respectively. The stoichiometry of BDOM 
degraded within Loch Creran exhibits an average C:N:P molar ratio of 251:35:1, with the 
exported BDOM being more C and N rich, with a C:N:P molar ratio of 609:59:1. These 
estimates suggest that C–rich BDOM would still persist after the water is exported from Loch 
Creran, and thus could support heterotrophic production in the adjacent Firth of Lorne. This 
emphasises the importance of the flushing time of water as compared with half–live times of 
BDOM in determining if DOM is used or exported away from the area where it is produced 
(Hopkinson et al. 2002). 
The rate constants of DOM in Loch Creran could have been further influenced by 
temperature, as previous studies show inhibition of bacterial growth at low temperatures, 
probably due to low enzymatic hydrolysis rates (Kirchman and Rich, 1997). The impact of 
temperature on DOM degradation was measured in this study, showing that increased 
temperature led to higher rate constants of DOC, DON and DOP (Table 2.3.; Figure 2.6.). The 
Q10 values of 2.3 ± 0.5 for DOC (average ± SD), 2.8 ± 1.2 for DON and 1.7 ± 1.1 for DOP are 
consistent with previous studies (Garber 1984, Chen & Wangersky 1996). The DOP Q10 
value was lower than for DOC and DON, probably due to the lower activation energy needed 
for degradation of a P-bound compared to a C- and N-bound. Results from bottle experiments 
such as these are difficult to extrapolate to in situ processes, but temperature effects could 
have important implications due to the relative importance of accumulation (Williams 1995) 
versus offshore horizontal transport in coastal areas (Álvarez-Salgado et al. 2006). From the 
results obtained here it is suggested that low temperatures could be rate limiting for 
degradation of DOM, implying that DOM will decompose closer or further away from the 
source depending on the temperature. 
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Figure 2.6. The degradation at 8 and 18°C of (a) BDOC, (b) BDON and (c) 
BDOP for sample water collected on the 28 of July 2006 in Loch Creran. The 
solid line represents the line predicted by the exponential decay model and 
error bars are standard errors.  
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2.4. Conclusions  
 
 
The main conclusions from this study are: (1) the bioavailable fraction of DOM in the 
temperate coastal ecosystem of Loch Creran controlled the variability of the bulk DOM, 
showing a marked seasonal cycle associated to the plankton biomass and activity; (2) the 
stoichiometry of BDOM suggests fractionation during in situ mineralization of this material 
prior to incubation, with DOP cycling faster than DON and the latter faster than DOC; (3) the 
estimated rate constants of BDOM also indicate that mineralization occurred in the sequence 
DOP > DON > DOC during the incubation experiments; (4) since the turnover times of 
BDOM are of the same order of magnitude as the flushing time of water in the fjord, a 
offshore export of C–rich BDOM is likely; and (5) the stoichiometry of BDOM and 
temperature appear to be the key factors influencing the observed rate constants, with no 
evidence of an effect of nutrient limitation. 
 
 
 
 
 
 
  
 
 
 
 
 
 
 
 
 
 
 
 
 
CHAPTER 3 
 
Bioavailability of DOM in Ría de Vigo 
 
Chapter 3 
 
 
 47 
  
 
Stoichiometry of dissolved organic matter and the 
kinetics of its microbial degradation in a coastal 
upwelling system2 
 
 
Abstract 
 
 
The degradation of dissolved organic carbon (DOC), nitrogen (DON) and phosphorus 
(DOP) collected in the coastal upwelling systems of the  Ría de Vigo (NW Iberian Peninsula) 
was assessed following the time course concentrations in dark, temperature controlled (15ºC), 
laboratory incubations over a 50-70 day period. Initial concentrations varied from 73 to 94 
µmol L-1 for DOC, 4.5 to 7.2 µmol L-1 for DON and 0.12 to 0.32 µmol L-1 for DOP. The 
bioavailable fraction (BDOM) represented 17 ± 6% (average ± SE) of DOC, 38 ± 6% of DON 
and 65 ± 9% of DOP. BDOM was significantly correlated with temperature (R2 > 0.30, p < 
0.05), and chlorophyll a (R2 > 0.30, p < 0.05), indicating that the differences in DOM 
bioavailability were associated to the seasonal variations in plankton biomass and activity. 
The C: N: P stoichiometry of BDOM, 156 (± 23):18 (± 6):1 was not significantly different 
from the Redfield ratio (106: 16: 1), pointing to a phytoplankton origin of BDOM. 
Accordingly, exponential rate constants of BDOM suggest that this pool was very labile. 
Despite the reduced flushing times of the Ría de Vigo, from 3 to 18 days, as much as 70 ± 
13% of BDOC (average ± SD), 81 ± 8% of BDON and 88 ± 5% of BDOP was mineralized 
within the embayment. The calculations further demonstrated that the Ría de Vigo was 
exporting BDOM to the adjacent oligotrophic waters. 
                                                 
2
 Published as: Lønborg C., Álvarez-Salgado X.A., Martínez-Garcia S., Miller A.E.J., Teira E. 2009. 
Stoichiometry of dissolved organic matter and the kinetics of its microbial degradation in a coastal upwelling 
system. Aquatic microbial ecology in press. 
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3.1. Introduction 
 
 
Dissolved organic matter (DOM) is metabolically important in marine systems, 
supplying both energy (carbon) and nutrients (nitrogen, phosphorus) to prokaryotes (Azam 
1998). The DOM consists of a small labile pool with short turnover times (from hours to 
days), a semi-labile pool with longer turnover times (from weeks to months) and a recalcitrant 
background (Carlson & Ducklow 1995). With studies showing that both autochthonous and 
allochthonous DOM can be metabolized by bacteria (Moran & Hodson 1990), with the 
bioavailability depending on molecular size (Amon & Benner 1996) and chemical 
composition (Benner & Opsahl 2001). 
The radiocarbon age of deep-water DOM  (Williams & Druffel 1987, Druffel et al. 
1992) indicates that it is resistant to biological utilization. The depth distribution of DOM has 
therefore been used to quantify the bioavailable DOM, by subtraction of deep-water DOM 
from surface water concentrations and the difference yielding the bioavailable pool (Carlson 
2002). An alternative method used to quantify the bioavailable DOM is the application of 
microbial bioassay experiments, which provide an estimate of the labile fraction but also of 
the turnover rates. However, most studies using microbial incubations have only conducted 
few experiments (Hopkinson et al. 1997, Moran et al. 1999, Hopkinson et al. 2002, Wiegner 
& Seitzinger 2004) with restricted spatial and time resolution.   
The turnover of DOM has been proposed to sequentially proceed with DOP being 
more bioavailable than DON, which in turn is more bioavailable than DOC (Hopkinson et al. 
1997, 2002). This order has been used to explain why marine DOM is enriched in C over N 
and even more depleted in P compared with the Redfield ratio, suggesting that N and P 
depletion of DOM could be linked with age (Williams 1995). However, other studies have 
shown that freshly produced autochthonous DOM can have high C:N ratios due to large 
production of carbohydrates (Fajon et al. 1999), proposing that linking DOM age with N and 
P depletion is not valid under all conditions.  
The study of the bioavailability and rate constants of DOM is specially relevant in 
coastal upwelling systems because they are sites of large, episodic phytoplankton blooms 
leading to enhanced DOM production resulting from upwelling of nutrient rich bottom waters 
(Chavez & Toggweiler 1995, Hansell & Carlson 1998b). In this study we (1) estimated the 
bioavailability of DOC, DON and DOP over an annual cycle and (2) determined the DOM 
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rate constants using laboratory incubations in the highly dynamic coastal upwelling area of 
the Ría de Vigo (NW Iberian Peninsula).  
 
 
3.2. Material and methods 
 
 
3.2.1. Study area 
 
 
The Ría de Vigo has a length of 33 km, a surface area of 176 km2, and a volume of 
3317 km3. The hydrography of the Ría is influenced by wind-driven upwelling and 
downwelling episodes; northerly winds result in upwelling, dominating from April to October 
with cold and nutrient-rich upwelled water reaching the surface resulting in a high 
productivity. From November to March, southerly winds dominate resulting in downwelling 
forcing warm and nutrient-poor shelf surface water into the Ría (Álvarez-Salgado et al. 2003). 
Figure 3.1. shows the study site, which was near the main channel in the middle sector of the 
Ría. Samples from this location have proven appropriate for evaluating the biogeochemical 
processes occurring in the pelagic zone of the Ría de Vigo (Nogueira et al. 1997).  
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Figure 3.1. Map showing the sampling station (●) in the Ría de Vigo (NW Spain). V is the 
area used for calculating the volume of the embayment and L is the length of the open end 
of the embayment at the sampling site 
 
 
Water for the laboratory incubation experiments was collected in autumn (20 and 27 
Sep, and 4-Oct-2007), winter (31 Jan, 7 and 14-Feb-2008), spring (17 and 24-Apr-2008), and 
summer (26-Jun, 3 and 7-Jul-2008) with a 25 L Niskin bottle at 5 m depth, and combined into 
a 50 L acid washed container. Salinity and temperature profiles were recorded prior to water 
collection with an SBE 9/11 CTD probe. Chlorophyll a (Chl a) was measured by filtering 
between 100 and 200 mL of the sample water through GF/F filters, which were frozen (-
20°C) until analysis. Chl a was determined with a Turner Designs 10000R fluorometer after 
90% acetone extraction (Yentsch & Menzel 1963). The precision is ± 0.05 mg L-1. 
 
 
3.2.2. Renewal time estimates 
 
 
Following Wooster et al. (1976) the daily offshore Ekman transport values (-QX, m3 s-1 
km-1), a rough estimation of the volume of water downwelled/upwelled per kilometre of 
coast, can be calculated as:  
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where airρ  is the density of air, 1.22 kg m-3 at 15°C; C is an empirical drag coefficient 
(dimensionless), 1.3 × 10-3; f is the Coriolis parameter, 9.946 × 10-5 s-1 at 43º latitude; SWρ  is 
the density of seawater, ~1025 kg m-3; |W| is the wind speed; and Wy is the northwards 
component. Average daily geostrophic winds were estimated from atmospheric surface 
pressure charts, provided at 6 h intervals by the Spanish “Instituto Nacional de Meteorología”. 
Positive values indicate upwelling, with downwelling occurring when negative values are 
obtained. 
The renewal time of the Ría can be calculated from -QX according to Álvarez-Salgado 
et al. (2008):  
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                                         (2) 
Where iXQ  is the absolute value of the daily offshore Ekman transport. A seven days 
running-mean centred on the sampling date was used (n = 7), V is the volume of the 
embayment from the inner reaches to the sampling site (0.53 × 109 m3) and L (2.50 × 103 m) 
is the length of the open end of the embayment at the sampling site (see Figure 3.1.).  
 
 
3.2.3. Experimental design 
 
 
Filtration of the sample water started within 10 min of collection; one part was filtered 
through a dual-stage (0.8 µm and 0.2 µm) filter cartridge (Pall-Acropak supor Membrane) 
which had been pre-washed with 10 L of Milli-Q water; the second part was filtered through 
pre-combusted (450°C for 4 h) GF/C filters to establish a microbial culture. After filtration, 
the water was kept in the dark until arrival in the base laboratory, within 2 h of collection. The 
water was transferred into a 20 L acid washed carboy and the microbial inoculum was added 
to the 0.2 µm filtrate corresponding to 10% of the total volume. The water was distributed 
into 24 glass bottles (500 mL) and incubated in the dark, at 15°C. Four replicate bottles were 
analyzed for each sub-sampling at day 0, 4, 12 and 53 or 70 (summer experiments only). All 
glassware used in the experiments was acid washed and rinsed with Milli-Q water prior to 
use. Samples for the analysis of the dissolved phase were collected in 4 replicates by filtration 
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through 0.2 µm filters (Pall, Supor membrane Disc Filter) to follow dissolved inorganic 
nitrogen (DIN: NH4+, NO2- and NO3-), dissolved inorganic phosphorus (DIP: HPO4-2), 
dissolved organic carbon (DOC), total dissolved nitrogen (TDN) and total dissolved 
phosphorus (TDP).  
Water samples for DIN, DIP and TDP were collected in 50 mL acid washed 
polyethylene bottles and kept frozen (-20ºC) until analysis. Sub-samples (10 mL) for DOC 
and total dissolved nitrogen (TDN) analysis were collected in pre-combusted (450ºC, 12 h) 
glass ampoules at day 0, 4, 12 and 53/70 of the incubations and preserved by adding 50 µL 
25% H2PO4.  
 
  
3.2.4. Sample analysis 
  
 
DOC and TDN samples were measured using a Shimadzu TOC analyzer (Pt–catalyst) 
connected with an Antek–TN measuring unit. Using the deep ocean reference (Sargasso Sea 
deep water, 2600 m) it was obtained a concentration of 46.0 ± 2.0 µmol L-1 (average ± SD) 
for DOC and 22.0 ± 2.0 µmol L-1 for TDN. The nominal value for DOC provided by the 
reference laboratory was 44.0 ± 1.5 µmol L–1, while the TDN value provided was 21.8 ± 0.8 
µmol L-1. Standards for DOC and TDN were made from potassium hydrogen phthalate 
(C6H4(COOK)–COOH) and glycine (NH4CH2COOH), with the concentrations of DOC and 
TDN were calculated using a daily calibration curve with 4 points and subtraction of a blank 
value. DON concentrations were calculated as the difference between TDN and DIN (DON = 
TDN – DIN) with the standard error (SE) calculated as the sum of the contributions: SE2DON = 
SE2TDN + SE2NH4 + SE2NO2 + SE2NO3.  
Inorganic nutrients (NH4+, NO2-, NO3- and HPO4-2) were determined by standard 
segmented flow analysis. The precisions were ± 0.02 µmol L-1 for nitrite, ± 0.1 µmol L-1 for 
nitrate, ± 0.05 µmol L-1 for ammonium, ± 0.02 µmol L-1 for phosphorus. TDP was measured 
by the ammonium molybdate method as inorganic phosphorus after a wet oxidation (120°C, 
75 min) in acid persulphate (Hansen & Koroleff 1999). The detection of TDP was performed 
in a segmented flow analysis (SFA) system using a daily calibration curve. The oxidation 
efficiency was tested daily with adenosine 5´–triphosphate (ATP) obtaining recoveries 
between 90 and 100%. DOP was calculated as the difference between TDP and DIP (DOP = 
TDP – DIP) with the SE for DOP calculated as: SE2DOP = SE2TDP + SE2DIP. Unfortunately, the 
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TDP samples from the 26-Jun-2008 were under the detection limit, probably due to an 
unusual low recovery during that measuring day (ATP < 80%).  
The degradation of DOM during the course of the incubations was modelled by a first-
order exponential decay function taking the refractory pool into account:  
                                   ( ) RDOMtkBDOM·expDOM(t) DOM +⋅−=                      (3)      
Where BDOM is the bioavailable pool (in µmol L-1), kDOM the rate constant (in day-1), t the 
time (in days) and RDOM the remaining pool after 53/70 days of incubation (in µmol L-1). In 
this study, BDOM was defined as: BDOM = DOM0 - RDOM, where DOM0 is the initial 
DOM concentration. Note that since BDOM and RDOM are calculated prior to adjusting the 
time evolution of DOM, the only parameter that is adjusted with eq. (3) is kDOM.  
DOM degradation has been described using various decay models. In this study we 
decided to use a model with 2 pools (bioavailable and refractory), however we are aware that 
this model represents a simplified description of DOM degradation. As in reality it should be 
considered as a continuum of pools with decreasing lability. 
 
 
3.2.5. Statistical analysis 
 
 
 Regression analyses were performed using the best–fit between the two variables X 
and Y obtained by regression model II as described in Sokal & Rohlf (1995). Prior to the 
regressions, normality was checked, the confidence level was set at 95% with all statistical 
analyses conducted in Statistica 6.0. 
 
 
3.3. Results and discussion 
 
 
3.3.1. Hydrography 
 
 
During the autumn surveys the Ekman transport values indicated an initial strong 
upwelling event (-QX = 551 m3 s-1 km-1), followed by upwelling relaxation (27-Sep-2007) and 
moderate downwelling (04-Oct-2007) resulting in an increasing flushing time from 4 to 11 
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days (Table 4.2.). During this period, surface salinity was around 35.5 whereas temperature 
decreased from > 16ºC to < 14ºC. Ambient chlorophyll levels decreased from 3.2 to 2.8 mg 
m-3 and, alongside, dissolved inorganic nitrogen (DIN) increased from 3 to 13 µmol L-1 
(Figure 3.2.). During the winter surveys, the conditions evolved from relaxation to strong 
downwelling and resulted in water flushing times varying between 3 and 18 days (Table 4.2.). 
Salinity was around 35 and surface temperatures were between 13.0 and 13.5ºC. Chlorophyll 
levels were < 1.5 mg m-3 and DIN concentrations maintained above 8 µmol L-1 (Figure 3.2.).   
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Figure 3.2. Field conditions in the Ría de Vigo at the sampling site (5 m depth) during 2007 to 2008, with 
a) salinity, temperature, the seven-day running-mean of the offshore Ekman transport (-QX) and b) 
dissolved inorganic phosphorus (DIP) and inorganic nitrogen (DIN), and chlorophyll a. 
 
 
The spring surveys were dominated by moderate downwelling conditions, and 
flushing times varying between 6 and 9 days (Table 4.2.). Salinity was relatively low 
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probably caused by high precipitation (153.7 mm were recorded during April in the terrace of 
the host laboratory). Salinity reached the lowest level (25) at the 24-Apr-2008 matching with 
the highest chlorophyll levels, > 8 mg m-3. Phosphate was relatively low, < 0.1 µmol L-1, 
whereas DIN levels were > 5 µmol L-1 (Figure 3.2.), possibly due to the high N:P molar ratio 
of the nutrient transported by the continental waters (45; Gago et al. 2005). Due to the very 
special conditions obtained on the 24-Apr-2008 (Figure 3.2.), this data point often determined 
the significance of the relations and it was therefore chosen to omit it from the analysis. 
 During the summer surveys, initial strong upwelling was followed by moderate 
downwelling. The calculated average water flushing times varied between 3 and 9 days 
(Table 4.2.). Salinity was stable > 35 and temperature was high > 17ºC. Low DIN levels, < 3 
µmol L-1, and chlorophyll ranging from 1.1 to 4.5 mg m-3 were recorded (Figure 3.2.). 
The hydrographic conditions at 5 m depth during this study were within the natural 
ranges of variability found in long–term studies conducted in the Ría de Vigo (Nogueira et al. 
1997).  
 
 
Table 3.1. Significant regressions between BDOM and DOM, Inorganic nutrients (DIN, 
DIP), and rate constants (kDOC, kDON and kDOP) obtained by fitting the exponential 
degradation of DOC, DON and DOP with time. Slope and intercept were found by Model II 
and the standard error (SE) by Model I regression. R2 = coefficient of determination and p = 
significant levels. 
X Y Slope (± SE) Intercept (± SE) R2 p
BDOC DOC 1.1 ± 0.2 65 ± 3 0.73 <0.001
BDON DON 1.1 ± 0.1 3.3 ± 0.2 0.95 <0.001
BDOP DOP 0.9 ± 0.1 0.09 ± 0.02 0.80 <0.001
DIN BDON -0.14 ± 0.05 2.81 ± 0.21 0.30 <0.05
DIP BDOP -0.15 ± 0.08 0.20 ± 0.06 0.36 <0.05
BDOC kDOC 0.013 ± 0.002 0.036 ± 0.026 0.84 <0.0001
BDON kDON 0.12 ± 0.03 0.02 ± 0.08 0.66 <0.002
BDOP kDOP 2.1 ± 0.3 0.09 ± 0.04 0.86 <0.02
 
 
 
3.3.2. DOM bioavailability 
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 Initial DOC concentrations varied between 73 and 94 µmol L-1, while DON and DOP 
ranged from 4.5 to 7.2 µmol L-1 and from 0.12 to 0.32 µmol L-1 respectively (Figure 3.3.), 
which is comparable with previous measurements performed in the Ría de Vigo (Doval et al. 
1997, Álvarez-Salgado et al. 2006). BDOC varied between 7 to 29 µmol L-1 representing 17 ± 
6% of DOC (average ± SE), BDON ranged between 1.3 and 3.6 µmol L-1 corresponding to 38 
± 6% of DON and BDOP reached values between 0.09 and 0.25 µmol L-1 representing 65 ± 
9% of DOP (Figure 3.3.). The percentages of bioavailable DOC were comparable with the 19 
± 12% reported for other coastal areas (Søndergaard & Middelboe 1995, Lønborg & 
Søndergaard 2009). The BDON values were also equal to previous estimates, ~30% (Bronk 
2002, Lønborg & Søndergaard 2009) and the same is applicable to BDOP: previously 
reported levels ranged from 60 to 98% (Hopkinson et al. 2002, Nausch & Nausch 2006, 
Lønborg et al. 2009). A positive linear relationship occurred between the BDOM and DOM 
pools (Table 3.1.) with slopes not significantly different from 1. Demonstrating that the 
seasonal variations in DOM were due to the BDOM pool as previously found (Williams 
1995).  
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Figure 3.3. Temporal variability in total, bioavailable and refractory DOM. Error bars represent standard errors. 
 
 
The origin intercepts of these regressions indicated the refractory concentrations of 
DOM: 65 ± 3 µmol L-1 for DOC, 3.3 ± 0.2 µmol L-1 for DON, and 0.09 ± 0.02 µmol L-1 for 
DOP (Table 3.1.). These values are comparable with background levels measured in the 
bottom waters (40 m depth) of the Ría de Vigo (Doval et al. 1997, Álvarez-Salgado et al. 
2006) and with the average refractory DOM end point concentrations in our incubations. 
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Comparing our refractory levels with the concentrations found in the deep sea it was found  
that they are around twice as high for DOC (35 - 45 µmol L-1) (Hansell & Carlson 1998a), 
while the refractory DON and DOP of the Ría de Vigo are comparable with the levels found 
in the deep sea < 3 and 0.02 µmol L-1 respectively (Hopkinson et al. 1997, Bronk 2002). 
 
 
Table 3.2. Matrix of the correlation coefficient (R2) of the 
significant (p < 0.05) linear regressions between DOM 
bioavailability and physical and chemical parameters from Ría de 
Vigo. n.s. – not significant. 
X/Y BDOC BDON BDOP
Salinity n.s n.s n.s
Temperature 0.5 0.5 0.3
Chl a 0.5 0.6 0.3
DIN -0.5 -0.3 -0.3
DIP n.s -0.3 -0.3
 
 
 
BDOM significantly correlated with temperature and chlorophyll a (Table 3.2.), 
indicating that the differences in DOM bioavailability are related to the seasonal variations in 
plankton biomass and activity. The contribution of DON and DOP to the mineralization of 
inorganic nutrients has previously been calculated as the slope between BDON/DIN and 
BDOP/DIP (Hopkinson et al. 1997) (Table 3.1.). It was found that 14 ± 9% of DIN and 15 ± 
8% of DIP originated from the degradation of DON and DOP which is comparable with 
previous estimates for the Ría de Vigo (Álvarez-Salgado et al. 2006). 
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Figure 3.4. Plots of  a) DON versus DOC (●), BDON with BDOC (○),  b) DOP versus DOC (●), BDOP with 
BDOC (○) and c) DOP versus DON (●), BDOP with BDON (○). Solid and dashed lines represent the 
corresponding regression and error bars are standard errors. R2 = coefficient of determination, p = significant 
level. 
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3.3.3. DOM stoichiometry   
 
 
The stoichiometry of DOM and BDOM was determined from the slopes of the DOM 
element–element plots (Figure 3.4.). These slopes are smaller than those of the elemental 
ratios, indicating that these C :N :P ratios only included the recently produced biomolecules 
containing nitrogen and phosphorus. The slope of the relations between DOC, DON and DOP 
suggested an average ratio of 133 (± 44):14 (± 3):1 for DOM. The significant origin intercepts 
in these linear regressions (Figure 3.4.) showed that a background level of DOC of 23 ± 10 
µmol L-1 and 54 ± 13 µmol L-1 would persist when DON and DOP reached zero, respectively. 
Additionally, the origin intercept of the relationship between DON and DOP showed that 3 ± 
1 µmol L-1 of DON would remain when DOP was depleted (Figure 3.4.). This suggests that 
degradation follows the sequence DOP > DON > DOC, which links DOM N and P depletion 
with age as found previously (Jackson & Williams 1985, Hopkinson et al. 1997,2002). 
 The C: N: P stoichiometry of BDOM, obtained from the slope of the significant (p < 
0.05) linear relationships between BDOC, BDON and BDOP (Figure 3.4.), was 156 (± 23):14 
(± 3):1 not significantly different from the Redfield ratio (106: 16: 1, Redfield et al. 1963) and 
ratios found for recently produced organic matter (Garber 1984, Hopkinson et al. 1997), 
strongly indicating the planktonic origin of BDOM.  
 
 
3.3.4. DOM rate constants  
 
 
Although the kinetics of DOM degradation can be modelled considering two (labile 
and refractory) or three (labile, semilabile and refractory) pools (Hopkinson et al. 1997, 
2002), DOM should be considered as a continuum of pools with decreasing lability (Williams 
2000). In our particular case, given the limited number of points of the degradation curves, the 
model used just considered a labile and a refractory DOM pool.  
 
 
 
Chapter 3 
 
 
 61 
Table 3.3. Rate constants (± standard error) obtained by fitting the exponential decay model to the decrease in 
DOC (kDOC), DON (kDON) and DOP (kDOP) over time. R2 = coefficient of determination. n.d - not determined. 
Date kDOC ( day-1) R2 kDON ( day-1) R2 kDOP ( day-1) R2
20-Sep-2007 0.35 ± 0.04 0.99 0.41 ± 0.01 0.96 0.60 ± 0.10 0.95
27-Sep-2007 0.23 ± 0.05 0.99 0.27 ± 0.01 0.98 0.34 ± 0.04 0.95
4-Oct-2007 0.18 ± 0.03 0.98 0.28 ± 0.01 0.90 0.33 ± 0.03 0.91
31-Jan-2008 0.11 ± 0.01 0.97 0.20 ± 0.01 0.97 0.34 ± 0.02 0.92
7-Feb-2008 0.11 ± 0.02 1.00 0.20 ± 0.01 0.92 0.29 ± 0.03 0.81
14-Feb-2008 0.20 ± 0.01 0.95 0.22 ± 0.02 0.94 0.27 ± 0.04 0.85
17-Apr-2008 0.20 ± 0.02 0.99 0.28 ± 0.09 0.93 0.37 ± 0.04 0.86
24-Apr-2008 0.20 ± 0.02 0.99 0.26 ± 0.04 0.93 0.32 ± 0.05 0.90
26-Jun-2008 0.30 ± 0.08 0.94 0.37 ± 0.02 0.91 n.d n.d
3-Jul-2008 0.19 ± 0.05 0.93 0.35 ± 0.01 0.91 0.40 ± 0.04 0.92
10-Jul-2008 0.30 ± 0.05 0.98 0.39 ± 0.03 0.94 0.45 ± 0.20 0.86
 
 
 
Average BDOM rate constants (Table 3.3.) were 0.22 ± 0.08 day-1 (average ± SE) for 
DOC (kDOC), 0.29 ± 0.08 day-1 for DON (kDON) and 0.37 ± 0.11 day-1 for DOP (kDOP), 
following the sequence DOP > DON > DOC as found previously (Garber 1984, Hopkinson et 
al. 1997, 2002). The resulting half-live times of BDOM were as low as 3.3 ± 0.9 days for 
DOC, 2.5 ± 0.6 days for DON and 1.9 ± 0.3 days for DOP, which are characteristic of very 
labile DOM (Hopkinson et al. 2002). Maximum rate constants were observed in autumn and 
summer and minimum in winter (Table 3.3.) and they were positively correlated with BDOM 
(Table 3.1.), demonstrating that higher BDOM concentrations would lead to faster 
mineralization rates as observed in other coastal systems (Hopkinson et al. 1997, Lønborg et 
al. 2009).  
Positive correlation was observed between kDOC, kDON and kDOP, with the linear 
regression slopes indicating the overall metabolic reaction, and the intercept indicating the 
enzymatic reaction rate of DOM (Figure 3.5.).  
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Figure 3.5. X–Y plots of the relationship between BDOM rate constants (day–1) predicted from the exponential 
decay model with (a)  kDON vs. kDOC , (b) kDOP vs. kDOC  and  (c) kDOP vs. kDON. The dashed line represents a 1:1 
line where the rate constants would be equal and the solid lines represent the regression lines found. Error bars 
represent standard errors. 
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The amount of BDOM degraded within the Ría de Vigo, calculated from the rate 
constants found at 15°C and the average flushing time of every sampling date, was 70 ± 13% 
of BDOC (average ± SE), 81 ± 8% of BDON and 89 ± 6% of BDOP. The amounts degraded 
depended both on the lability of BDOM and the variable flushing times, suggesting temporal 
differences in the export of BDOM from this coastal upwelling system. The exported BDOM 
was more carbon rich than the DOM degraded within the Ría having an average ratio of 282 
(± 122):28 (± 9):1 compared to 111 (± 38):18 (± 6):1. The exported BDOM could thus 
potentially contribute to bacterial production in the adjacent oligotrophic waters, suggesting 
that offshore transport of labile DOM must be accounted when considering the carbon 
balance of ocean surface waters adjacent to productive coastal areas (Álvarez-Salgado et al. 
2001).  
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Assessing the bioavailability and rate constants of 
marine dissolved organic matter by fluorescence 
spectroscopy1 
 
 
Abstract  
 
 
 Bioavailability of dissolved organic carbon (DOC) was determined from laboratory 
incubations of water collected in the coastal upwelling system of the Ría de Vigo (NW Iberian 
Peninsula) under contrasting hydrographic conditions. Changes in dissolved oxygen, bacterial 
production, DOC, dissolved organic matter (DOM) absorption (CDOM) and fluorescence of 
dissolved protein-like (FDOMt) and humic-like substances (FDOMm, FDOMa, FDOMc) 
were monitored during 50 to 70 days of incubation at a constant temperature of 15ºC. 
Bioavailable DOC (BDOC) accounted for 17 ± 6% of the bulk DOC and decayed at a rate 
(kDOC) of 0.22 ± 0.08 day-1 (average ± SD). Considering the flushing times of the Ría de Vigo, 
it was calculated that 70 ± 13% of BDOC would be utilised within the embayment. A 
decrease representing 28 ± 7% of the FDOMt pool (BFDOMt) was observed which was 
degraded at a rate (kFDOMt) of 0.27 ± 0.13 day-1. In parallel with the decrease of BDOC and 
BFDOMt an increase in FDOMm was observed, confirming that marine humic-like 
fluorophores are a by product of microbial metabolism. An exponential model was used to 
describe the FDOMm build up, giving an average production rate (kFDOMm) of 0.06 ± 0.01 
day-1. The slope of the linear correlation between kDOC and kFDOMm showed that 13 ± 4% of 
the consumed DOC was transformed into humic like materials. This study suggests that it is 
possible to derive BDOC and kDOC from in situ protein-like fluorescence, whereas the 
refractory DOC pool could be estimated from in situ CDOM and humic-like fluorescence in 
the coastal upwelling system of the Ría de Vigo. 
                                                 
1
 Published as: Lønborg C., Álvarez-Salgado X.A., Davidson K., Martínez-Garcia S., Teira E. 2009. Assessing 
the bioavailability and degradation rates of marine dissolved organic matter by fluorescence spectroscopy. 
Marine Chemistry in revision. 
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4.1. Introduction  
 
 
 Dissolved organic carbon (DOC) is the major form of organic carbon in aquatic 
environments playing a key role in global biogeochemical cycles (Carlson 2002). DOC is a 
heterogeneous pool of molecules resulting from multiple biotic processes of both 
autochthonous and allochthonous origin (Scully et al. 2004). Most of the DOC pool is 
refractory (RDOC) to microbial degradation over time-scales of years but a variable fraction 
can be used by micro-organisms (Lønborg & Søndergaard 2009), with autochthonous DOC 
considered more bioavailable than allochthonous DOC (Cauwet 2002).  
Fluorescence spectroscopy has been applied to study DOM dynamics, as fluorescence 
spectra depend on the concentration but also on the chemical composition of DOM (Coble et 
al. 1990). Earlier studies have given information about the main DOM fluorophores: protein- 
and humic-like compounds (Coble et al. 1990, Stedmon & Markager 2005). Protein-like 
fluorescence, associated with the aromatic amino acids (tyrosine, tryptophan and 
phenylalanine), has been found to be a useful indicator of the dynamics of total hydrolyzable 
amino acids, THAA (Yamashita & Tanoue 2003). The THAA pool is considered bioavailable 
and can contribute substantially to the bacterial carbon and nitrogen demand in marine 
systems (Coffin 1989). In addition the fluorescence of humic-like compounds has been 
suggested as a suitable proxy for refractory DOM, but has also been identified as a by-product 
of microbial degradation processes (Nieto-Cid et al. 2006, Yamashita & Tanoue 2008). These 
studies suggest that the protein- and humic-like fluorescence could be used to study 
bioavailable and refractory DOM in the marine environment. However, quantitative 
relationships between these variables are lacking. 
The coastal upwelling area of the Ría de Vigo (NW Iberian Peninsula) produces and 
processes large amounts of DOC (Álvarez-Salgado et al. 2001), and is therefore an 
appropriate area to establish if a quantitative relationship between fluorescence spectroscopy 
measurements and the bioavailability and rate constants of DOC exists. 
 
 
4.2. Material and methods 
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4.2.1. Study area  
 
 
The Ría de Vigo, a coastal embayment on the NW Iberian Peninsula, has a length of 
33 Km, a surface area of 176 Km2, and a volume of 3.32 Km3. The hydrography of the 
embayment is influenced by wind-driven upwelling and downwelling periods. Northerly 
winds result in upwelling dominating from April to October with cold and nutrient-rich 
upwelled water reaching the surface resulting in elevated productivity. From November to 
March, southerly winds dominate resulting in downwelling forcing warm and nutrient-poor 
shelf surface water into the embayment (Álvarez-Salgado et al. 2003). Figure 4.1. shows the 
study site, which was near the main channel in the middle sector of the embayment. Samples 
from this location are influenced by both continental and oceanic contributions and have 
proved to be representative of the processes occurring in the embayment as a whole (Nogueira 
et al. 1997). 
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Figure 4.1. Map showing the sampling station (filled circle) in the middle of the Ría de 
Vigo (NW Iberian Peninsula). The shaded area represents the volume of the Ría (V) 
used for calculating the residence time and L is the length of the open end of the Ría at 
the sampling station.   
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Water for the laboratory incubation experiments was collected in autumn (20 and 27-
Sept, and 4-Oct-2007), winter (31-Jan, 7 and 14-Feb-2008), spring (17 and 24-Apr-2008), and 
summer (26-Jun, 3 and 7-Jul-2008) to represent the seasonal varying hydrography in the Ría 
de Vigo. The water samples were collected with a 25 L Niskin bottle at 5 m depth, and 
combined into a 50 L acid washed container. Salinity and temperature profiles were recorded 
prior to water collection with an SBE 9/11 CTD probe. Samples for chlorophyll a (Chl a) and 
inorganic nutrient determination were also collected. For Chl a between 100 and 200 mL of 
the water samples was filtered through a GF/F filter, which were frozen (-20°C) until analysis 
with a Turner Designs 10000R fluorometer after 90% acetone extraction (Yentsch & Menzel 
1963). Water samples for inorganic nutrient analysis (NH4+, NO2-, NO3-, and HPO4-2) were 
collected in 50 mL acid washed (HCl) polyethylene bottles and kept frozen (-20ºC) until 
determination with an Alpkem segmented flow autoanalyser. The nominal precisions was ± 
0.05 µmol L-1 for ammonium, ± 0.02 µmol L-1 for nitrite, ± 0.1 µmol L-1 for nitrate, and ± 
0.02 µmol L-1 for phosphate.  
 
 
4.2.2. Renewal time estimates 
 
 
Daily offshore Ekman transport values (-QX, m2 s-1), a rough estimation of the volume 
of water upwelled/downwelled per kilometre of coast, were calculated according to Wooster 
et al. (1976):  
                                         
f
WWCQ-
SW
yair
X
⋅ρ
⋅⋅⋅ρ
=                                      (1) 
where airρ  is the density of air, 1.22 kg m-3 at 15°C; C is an empirical drag coefficient 
(dimensionless), 1.3 × 10-3; f is the Coriolis parameter, 9.946 × 10-5 s-1 at 43º latitude; SWρ  is 
the density of seawater, ~1025 kg m-3; |W| is the wind speed; and Wy is the northwards 
component. Average daily geostrophic winds were estimated from atmospheric surface 
pressure charts, provided at 6 h intervals by the Spanish “Instituto Nacional de Meteorología”. 
Positive values of -QX indicate upwelling, with downwelling occurring when negative values 
are obtained. 
Following Álvarez-Salgado et al. (2008), the renewal time of the embayment can be 
calculated from -QX as:  
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                                               (2) 
Where iQx  is the absolute value of the daily offshore Ekman transport, V is the volume of the 
embayment from the inner reaches to the sampling site (0.53 × 109 m3) and L (2.50 × 103 m) 
is the length of the open end of the embayment where the sampling site was placed, a 7 day 
running-mean centred on the sampling date was used (n = 7) (see Figure 4.1.). 
 
 
4.2.3. Experimental design  
 
 
Filtration of the water sample started within 10 min of collection; one part was filtered 
through a dual-stage (0.8 µm and 0.2 µm) filter cartridge (Pall-Acropak supor Membrane) 
which had been pre-washed with 10 L of Milli-Q water; the second part was filtered through 
pre-combusted (450°C for 4 h) GF/C filters to establish a microbial culture. After filtration, 
the water was kept in the dark until arrival in the base laboratory, within 2 h of collection. The 
water was transferred into a 20 L acid washed carboy and the microbial inoculum was added 
to the 0.2 µm filtrate corresponding to 10% of the total volume. Water was then siphoned 
from the carboys into calibrated 110 mL biological oxygen demand (BOD) glass bottles, 
which were filled and allowed to overflow and then capped with ground-glass stoppers. Four 
replicate bottles were fixed with Winkler reagents immediately after filling for initial O2 
concentrations, while 4 other bottles were incubated at 15°C and fixed after 53 or 70 days 
(summer experiments only). The remaining water was transferred into 24 glass bottles (500 
mL), with four replicate bottles being analysed for each sub-sampling at day 0, 1, 2, 4, 12 and 
53 or 70. Incubators were kept in the dark, at 15°C. All glassware used in the experiments was 
acid washed and then rinsed with Milli-Q water prior to use.  
After fixation, dissolved oxygen (O2) samples were kept in the dark until analysed 24 
h later by Winkler potentiometric end-point titration using a Titrino 720 analyser (Metrohm) 
with a precision of 0.5 mmol kg-1. The total BOD was calculated as the difference between 
the initial and final O2 concentrations (in µmol L-1). Since the initial and final concentrations 
of NH4+, NO2– and NO3– are different because of nitrification during the course of the 
incubations (Appendix 2), oxygen concentrations were referred to the oxidation state of 
nitrate: O2c = O2 – 0.5·NO2– – 2/NH4+.  
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Bacterial production (BP) was determined at day 0, 4, 12 and 53 or 70 by [3H] 
thymidine (Tdr) incorporation (Fuhrman & Azam 1980). 100 µl of an aqueous stock solution 
of [3H - methyl] thymidine (46 Ci mmol) was added to 9.9 mL of sample and the contents 
were mixed. 4 bottles were left and 2 received 10 mL trichloroacetic acid (TCA) to serve as a 
killed control. All samples were incubated in the dark at 15ºC for 2 h; where after 10 mL of 
ice-cold TCA was added to extract the soluble thymidine pools from the cells. Samples were 
filtered onto 0.2 µm polycarbonate filters (presoaked in thymidine) and washed with 95% 
ethanol and autoclaved Milli-Q water. Filters were then placed in scintillation vials, dried at 
room temperature for 24 h and mixed with 10 mL of scintillation fluid (Sigma-Flour). 
Radioactivity was measured using a spectral liquid scintillation counter, with the efficiency of 
counting determined by the external standard method. The conversion factors 2×1018 cells 
mol-1 thymidine (Smits & Riemann 1988) and 30 fg C cell-1 (Fukuda et al. 1998) were used to 
convert thymidine incorporation rates into bacterial carbon production.   
Samples for analyses of the dissolved phase were collected in 4 replicates by filtration 
through 0.2 µm filters (Pall, Supor membrane Disc Filter) to follow dissolved organic carbon 
(DOC), coloured dissolved organic matter (CDOM) and fluorescence of DOM (FDOM). Sub-
samples (10 mL) for DOC analysis were collected in pre-combusted (450ºC, 12 hours) glass 
ampoules at day 0, 4, 12 and 53 (or 70) of the incubations and preserved by adding 50 µL 
25% H2PO4. DOC sub-samples were analysed using a Shimadzu TOC-CSV organic carbon 
analyser. Three to five injections of 150 µL were performed per replicate. Concentrations 
were determined by subtracting a Milli-Q blank and dividing by the slope of a daily standard 
curve made from potassium hydrogen phthalate (C6H4(COOK)–COOH). To avoid the small 
error associated with day-to-day instrument variability, all samples from a given experiment 
were analyzed on a single day. All samples were checked against Sargasso deep-sea reference 
water (2,600 m). The deep sea reference gave an average (± SD) concentration of 46.0 ± 2.0 
µmol L-1 with the nominal value for DOC provided by the reference D.A. Hansell’s 
laboratory being 44.0 ± 1.5 µmol L-1.  
Kinetics of DOC utilisation was modelled by a first-order exponential decay function, 
taking the refractory pool into account:  
                                  ( ) RDOCtkBDOC·exp(t)DOC DOC +⋅−=                          (3) 
Where DOC(t) is the concentration of DOC at time t (0, 4, 12 and 53 or 70 days), BDOC is 
the bioavailable pool (µmol L-1), kDOC the rate constant (day-1), t the time (days) and RDOC 
the refractory pool at the end of the incubations (µmol L-1). In this study, BDOC was defined 
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as BDOC = DOC(0)
 
- RDOC, where DOC(0)
 
is the initial DOC concentration. Therefore, 
kDOC is the only unknown parameter to be determined.  
DOM degradation has been described using various decay models. In this study we 
decided to use a model with 2 pools (bioavailable and refractory), however we are aware that 
this model represents a simplified description of DOM degradation. As in reality it should be 
considered as a continuum of pools with decreasing lability. 
The absorption of CDOM was measured in four replicates on a Beckman Coulter DU 
800 spectrophotometer using Milli-Q water as a blank. Before analysis samples were warmed 
to room temperature. The absorption was measured at a wavelength of 350 nm using a 10 cm 
quartz cuvette. The absorption coefficients (αλ ) was calculated as: 
                                       
L
A2.303
α λ
⋅
=λ                                                   (4) 
Where Aλ is the optical density measured at 350 nm (m-1) corrected for background absorption 
measured at 700 nm, the factor 2.303 converts from base 10 to base e logarithms and the 
denominator L is the cell path-length in metres (Stedmon & Markager 2001).  
 
 
Table 4.1. Glossary of fluorescence terms used in this chapter and their 
specific excitation (ex) and emmision (em) wavelengths (nm). FDOMa, 
FDOMc and FDOMm are calibrated against quinine sulphate (QS) 
dissolved in sulphuric acid (H2SO4), while FDOMt is calibrated using a 
solution of tryptophan (Trp) and H2SO4. 
Term Full name Ex/Em (nm)
FDOMa General humic substances 250/435
FDOMc Terrestrial-origin humic substances 340/440
FDOMm Marine-origin humic substances  320/410
FDOMt Aromatic amino acid  280/350
 
 
 
The dissolved fluorescence was measured in a Perkin Elmer LS 55 luminescence 
spectrophotometer equipped with a xenon discharge lamp, equivalent to 20 kW for 8 µs 
duration. The detector was a red-sensitive R928 photomultiplier, and the photodiode works as 
a reference detector. Measurements were performed at a constant temperature of 20°C in a 1 
cm quartz fluorescence cell. Milli-Q water was used as a reference, and the intensity of the 
Raman peak was checked daily. Excitation/emission (Ex/Em) measurements were performed 
at peaks T (aromatic amino acids, average Ex/Em, 280/350 nm; termed FDOMt), A (general 
humic compounds, average Ex/Em 250/435 nm; termed FDOMa), C (terrestrial humic 
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substances average Ex/Em = 340/440 nm; termed FDOMc) and M (marine humic substances, 
average Ex/Em 320/410 nm; termed FDOMm), obtained from Coble et al. (1990) (Table 
4.1.). Fluorescence units were expressed in parts per billion (ppb) equivalents of Tryptophan 
(ppb Trp) for FDOMt
 
and ppb equivalents of quinine sulphate (ppb QS) for FDOMa, FDOMc 
and FDOMm as described in Nieto-cid et al. (2005). As for the case of DOC, the decrease in 
FDOMt during the incubations was modelled by:  
                  ( ) RFDOMttkBFDOMt·expFDOMt(t) FDOMt +⋅−=               (5) 
Where FDOMt(t)
 
is the protein-like fluorescence (ppb Trp) at incubation time t (0, 1, 2, 4, 12 
and 53 or 70 days), BFDOM(t) is the bioavailable FDOMt (ppb Trp), kFDOMt the rate constant 
(day-1), t the time (days) and RFDOMt
 
the remaining pool at the end of the incubations. It was 
defined BFDOMt as BFDOMt = FDOMt(0) 
 
- RFDOMt, where FDOMt(0)
 
is the initial 
FDOMt concentration. It was assumed that RFDOMt was constant throughout the 
incubations. 
The increase in FDOMm during the incubation time was modelled by:  
         ( )[ ] FDOMm(0)tkexp1PFDOMmFDOMm(t) FDOMm +⋅−−⋅=        (6) 
Where FDOMm(t) is the marine humic-like fluorescence (ppb QS) at incubation time t (0, 1, 
2, 4, 12 and 53 or 70 days), PFDOMm
 
is the amount of FDOMm produced (ppb QS), kFDOMm 
the formation rate (day-1), t the time (days) and FDOMm(0)
 
the initial FDOMm pool. In this 
study PFDOMm was defined as PFDOMm = RFDOMm – FDOMm(0), where RFDOMm
 
is 
the FDOMm concentration at the end of the incubations. Using this formula it is assumed that 
the initial FDOMm was refractory. 
Linear regression analyses were performed using the best-fit between the two 
variables X and Y obtained by model II regression as described in Sokal and Rohlf (1995). 
Prior to the regressions, normality was checked and the confidence level was set at 95%, with 
all statistical analysis conducted in Statistica 6.0.  
 
 
4.3. Results and Discussion  
 
 
4.3.1. Hydrography during the sampling periods  
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According to the Ekman transport values reported in Table 4.2., an initial strong 
upwelling event (20-Sep-2007, -QX = 551 m3 s-1 km–1) was followed by upwelling relaxation 
(27-Sep-2007) and moderate downwelling (04-Oct-2007) during the autumn surveys. In 
winter, Feb-2008, the embayment evolved from relaxation to strong downwelling conditions. 
The spring surveys occurred under moderate downwelling conditions, whereas the Ekman 
transport indicated an initial strong upwelling followed by moderate downwelling during the 
summer surveys. The average flushing time of water during the survey weeks varied between 
3 and 18 days (Table 4.2.).  
The hydrographic conditions at the sampling depth of 5 m was during the surveys 
(Table 4.2.), within the natural ranges found in long–term studies conducted in the Ría de 
Vigo (Nogueira et al. 1997). During the autumn, salinity was ~ 35.5 whereas temperature 
decreased from > 16ºC on 20-Sep-2007 to < 14ºC during the following two weeks. 
Concomitantly, dissolved inorganic nitrogen (DIN) increased from 3 to 13 µmol L-1 and 
chlorophyll decreased from an initial 3.3 to 2.8 mg m-3.  
During the winter surveys, surface temperatures were the lowest, between 13.0 and 
13.5ºC and chlorophyll levels were < 1.5 mg-3. Conversely, DIN concentrations maintained 
above 8 µmol L-1. During the spring, salinities were relatively low because of intense 
precipitation during April (153.7 mm from 01-Apr-2008 to 24-Apr-2008 recorded in the 
terrace of the host laboratory). Salinity on the 24-Apr-2008 was as low as 25, coinciding with 
the highest chlorophyll levels, > 8 mg m-3, and relatively low phosphate, < 0.1 µmol L-1. 
However, DIN levels were > 5 µmol L-1, probably because of the high N:P molar ratio of 45:1 
in the nutrient salts transported by the continental waters (Gago et al. 2005). Due to the very 
special conditions obtained on the 24-Apr-2008 (Table 4.2.), this data point often determined 
the significance of the relations and it was therefore chosen to omit it from the analysis. 
Finally, during the summer surveys, the highest temperatures, > 17ºC, and low DIN levels, < 
3 µmol L-1, were recorded with chlorophyll concentrations ranging from 1.1 to 4.5 mg m-3.
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Table 4.2. Conditions in the Ría de Vigo at the sampling site (5 m depth) on the water collection dates. Salinity, temperature, chlorophyll a, dissolved 
inorganic phosphate (DIP) and inorganic nitrogen (DIN), and CDOM absorption coefficients (α350 ). Seven days running means of the offshore Ekman 
transport (-QX) and derived flushing times are also shown. 
 Salinity Temperature Chlorophyll a DIP DIN a 350 – Q X Flushing time
Date (°C) (mg m-3) (µmol L-1) (µmol L-1) (m-1) (m3 s–1 km–1) (days)
20-Sep-2007 35.5 16.2 3.26 0.19 ± 0.02 3.17 ± 0.53 0.33 ± 0.04 551 4.4
27-Sep-2007 35.6 14.1 2.81 0.68 ± 0.01 10.34 ± 0.02 0.26 ± 0.01 -82 3.7
4-Oct-2007 35.4 13.8 2.80 0.54 ± 0.03 12.66 ± 0.38 0.25 ± 0.03 -133 11.0
31-Jan-2008 35.0 13.0 1.52 0.46 ± 0.01 9.60 ± 0.21 0.23 ± 0.02 6 5.3
7-Feb-2008 34.5 13.1 0.81 0.56 ± 0.02 11.34 ± 0.24 0.31 ± 0.01 -753 3.2
14-Feb-2008 35.2 13.4 1.13 0.42 ± 0.01 8.16 ± 0.30 0.26 ± 0.01 -127 18.0
17-Apr-2008 34.8 14.3 3.04 0.09 ± 0.02 0.40 ± 0.10 0.29 ± 0.01 -147 5.5
24-Apr-2008 25.0 15.5 8.42 0.09 ± 0.01 5.25 ± 0.20 0.59 ± 0.01 -87 8.6
26-Jun-2008 35.1 17.4 4.32 0.27 ± 0.01 0.72 ± 0.25 0.37 ± 0.09 782 3.0
3-Jul-2008 35.6 17.1 1.16 0.02 ± 0.01 1.20 ± 0.16 0.31 ± 0.01 -224 5.1
10-Jul-2008 35.4 18.4 4.52 0.38 ± 0.01 3.07 ± 0.20 0.39 ± 0.01 -36 9.0
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4.3.2. Bacterial production and DOC utilization 
 
 
Initial bacterial production in the incubations measured by the Tdr incorporation ranged 
between 0.26 and 1.97 µg C L-1 day-1, with highest rates in autumn and summer. In all 
incubations the bacterial production decreased rapidly during the first 4 days falling below  
0.60 µg C L-1 day-1, where after the decline was slower reaching values not significantly 
different from zero at the end of the incubations (Figure 4.2. a, e, i, m). 
Initial DOC (DOC(0)) concentrations varied between 73 and 94 µmol L-1 (Table 4.3.a) 
similar to previous values reported for the surface layer of the Ría de Vigo (Doval et al. 1997, 
Álvarez-Salgado et al. 2001). BDOC reached concentrations between 7 and 29 µmol L-1, 
representing from 9 to 22% of the DOC(0) pool (17 ± 6%, average ± SD). The contributions 
of BDOC to the total DOC pool was comparable with values found for other coastal waters: 
22 ± 13% (Lønborg et al. 2009, Lønborg & Søndergaard 2009) and the range previously 
suggested for the Ría de Vigo (10 - 30%)  (Doval et al. 1997, Álvarez-Salgado et al. 2001).  
Earlier studies have found that the microbial degradation of DOC can be limited by 
inorganic nutrients (Del-Giorgio & Davies 2003). The low DIN:DIP ratio typical of the Ría de 
Vigo (Nogueira et al. 1997), suggests that nitrogen rather than phosphorus was likely to limit 
DOC uptake. To test for nutrient limitation there was conducted additional incubations at each 
sampling date enriched with carbon (glucose) and nitrate (Appendix 2). These experiments 
showed no effect on DOC degradation, suggesting that the microbial community in the 
incubations experienced no nitrogen limitation. 
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Figure 4.2. Time course of Bacterial production, DOC, FDOMt and FDOMm during the incubations conducted 
in a), b), c), d) autumn, e), f), g), h) winter, i), j), k), l) spring and m), n), o), p) summer. Incubation start dates 
are shown in legends. Error bars represent standard errors. 
 
 
In this study, BDOC was closely related to DOC(0) concentration (Table 4.4.), with a 
linear regression slope not significantly different from 1 (1.1 ± 0.2), indicating that the 
bioavailable fraction was controlling the seasonal variability of DOC. The origin intercept of 
the linear regression (65 ± 3 µmol L-1) reveals the concentration of DOC persisting when 
BDOC was consumed, which was similar to the average refractory concentrations at the end 
of the incubations (RDOC = 67 ± 4 µmol L-1) and the background levels measured in bottom 
waters (40 m depth) of the Ría de Vigo (Doval et al. 1997, Álvarez-Salgado et al. 2001). 
Conversion of BDOC into BOD using the theoretical O2:CO2 stoichiometric molar ratio 
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estimated from the C:N:P ratios of BDOM for the same incubation experiments (Chapter 3) 
compares approximately with the measured BOD from oxygen changes (see Table 4.3.b) 
showing that the observed oxygen consumption was connected to the bacterial metabolism of 
BDOC. The initial bacterial production was furthermore related with BDOC (Table 4.5.), and 
showed comparable evolvement as DOC during the incubations (Figure 4.2.) suggesting that 
bacteria were only growing when BDOC was present.  
DOC and BDOC concentrations were positively related to temperature and chl a 
(Table 4.5.), suggesting that changing BDOC concentrations in the Ría de Vigo were 
controlled by autochthonous processes.  
Fitting the degradation of DOC (Figure 4.2.b, f, j, n) to a first-order exponential 
degradation model, an average consumption rate (kDOC) of 0.22 ± 0.08 day-1 was obtained 
(Table 4.3.a). kDOC had maximum rates in autumn and summer and minimum in winter. In 
general, DOC rate constants in this coastal upwelling system were higher than those found for 
other coastal waters (Lønborg et al. 2009, Lønborg & Søndergaard 2009), but resembled the 
rates found for the labile DOC pool at George Bank (Hopkinson et al. 2002). The significant 
positive correlation found between kDOC and BDOC concentrations (Table 4.4.) confirmed 
that higher BDOC lead to a faster DOC mineralization, as observed in other areas (Hopkinson 
et al. 1997, Lønborg et al. 2009).  
It has been suggested that coastal upwelling systems export labile DOC to the adjacent 
ocean (Hansell & Carlson 1998b, Álvarez-Salgado et al. 2001). In this study, the efficiency of 
the Ría de Vigo to process BDOC was calculated from the exponential decay model using the 
measured rate constant and the average flushing time for every sampling date (Table 4.2.). 
This showed that an annual average of 70 ± 13% of BDOC (average ± SD) was mineralized 
within the Ría de Vigo, with the amounts depending both on the lability of BDOC and the 
highly variable flushing times. The export of 30 ± 12% of the BDOC produced in the 
embayment could potentially contribute to the bacterial metabolism of the adjacent 
oligotrophic ocean waters. Confirming that the export of labile DOC from productive 
upwelling areas such as the Ría de Vigo have to be considered in carbon budgets of the 
adjacent oligotrophic oceans (Álvarez-Salgado et al. 2001). 
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Table 4.3. Initial (DOC(0), O2C(0), FDOMt(0)) used (BDOC, BOD, BFDOMt) and end (RDOC, 
O2C(50/70), RFDOMt) concentrations of a) dissolved organic carbon, b) dissolved oxygen, and c) 
FDOMt in the Ría de Vigo. Rate constants of DOC (kDOC) are shown in Table 4.3.a), rate constants of 
FDOMt (kFDOMt) in c). The difference between the measured BOD and the expected BOD from the 
complete oxidation of BDOC (= BDOC · RC) is shown in Table 4.3.b). RC is the theoretical 
stoichiometric molar ratio of O2 consumption to CO2 production which varies from 1.29 to 1.53. d) 
shows the initial (FDOMm(0)), produced (PFDOMm) and total (RFDOMm) pools of FDOMm 
fluorescence and build-up rates of FDOMm (kFDOMm). Values are averages of 4 replicates ± standard 
error. R2 = coefficient of determination for degradation and build-rates. 
Date 
DOC(0) 
(µmol L-1) 
BDOC 
(µmol L-1) 
RDOC 
(µmol L-1) 
kDOC 
(day-1) R2 b) 
20-Sep-2007 94 ± 1 29 ± 3 65 ± 1 0.35 ± 0.04 0.99  
27-Sep-2007 79 ± 1 15 ± 1 62 ± 1 0.23 ± 0.05 0.99  
4-Oct-2007 75 ± 2 12 ± 2 63 ± 1 0.18 ± 0.03 0.98  
31-Jan-2008 75 ± 1 9 ± 1 67 ± 1 0.11 ± 0.03 0.97  
7-Feb-2008 77 ± 1 7 ± 1 70 ± 1 0.11 ± 0.01 1.00  
14-Feb-2008 73 ± 1 10 ± 2 63 ± 1 0.20 ± 0.01 0.95  
17-Apr-2008 81 ± 1 13 ± 1 68 ± 1 0.20 ± 0.02 0.99  
24-Apr-2008 85 ± 1 11 ± 1 73 ± 1 0.20 ± 0.02 0.99  
26-Jun-2008 88 ± 1 17 ± 2 71 ± 2 0.30 ± 0.08 0.94  
3-Jul-2008 82 ± 1 14 ± 1 68 ± 1 0.19 ± 0.05 0.93  
10-Jul-2008 89 ± 2 18 ± 1 71 ± 1 0.30 ± 0.05 0.98  
 
 
Date 
O2C(0) 
(µmol L-1) 
O2C(53/70) 
(µmol L-1) 
BOD
 
(µmol L-1) 
BOD-BDOC·RC 
(µmol L-1) b) 
20-Sep-2007 233.4 ± 0.3 200.6 ± 1.3 33 ± 2 -8 ± 5  
27-Sep-2007 240.1 ± 0.1 210.7 ± 0.8 29 ± 1 8 ± 3  
4-Oct-2007 237.7 ± 0.5 211.8 ± 8.5 26 ± 9 10 ± 2  
31-Jan-2008 254.4 ± 0.4 228.3 ± 1.3 26 ± 2 12 ± 1  
7-Feb-2008 255.3 ± 0.3 228.2 ± 0.7 27 ± 1 17 ± 1  
14-Feb-2008 249.0 ± 0.3 226.3 ± 2.0 23 ± 2 9 ± 2  
17-Apr-2008 246.5 ± 0.1 218.3 ± 2.0 28 ± 2 10 ± 2  
24-Apr-2008 253.3 ±0.4 229.3 ± 0.5 24 ± 1 8 ± 2  
26-Jun-2008 227.5 ± 0.6 194.9 ± 1.5 33 ± 2 9 ± 3  
3-Jul-2008 235.3 ± 0.4 202.0 ± 1.6 33 ± 2 13 ± 2  
10-Jul-2008 227.7 ± 0.3 192.7 ± 1.5 34 ± 2 6 ± 3  
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Date 
FDOMt(0)
 
(ppb Trp) 
BFDOMt
 
(ppb Trp) 
RFDOMt
 
(ppb Trp) 
kFDOMt 
(day-1) R2 c) 
20-Sep-2007 15.9 ± 0.2 6.9 ± 0.3 9.0 ± 0.1 0.59 ± 0.10 0.94  
27-Sep-2007 10.8 ± 0.3 3.1 ± 0.9 7.7 ± 0.6 0.30 ± 0.07 0.93  
4-Oct-2007 10.2 ± 0.1 2.2 ± 0.3 7.9 ± 0.2 0.22 ± 0.03 0.96  
31-Jan-2008 10.5 ± 0.2 2.6 ± 0.6 7.9 ± 0.1 0.15 ± 0.04 0.88  
7-Feb-2008 10.5 ± 0.3 2.6 ± 0.5 7.9 ± 0.2 0.13 ± 0.01 0.98  
14-Feb-2008 10.5 ± 0.3 3.5 ± 0.6 7.0 ± 0.4 0.22 ± 0.05 0.92  
17-Apr-2008 11.7 ± 0.1 3.8 ± 0.3 7.9 ± 0.3 0.30 ± 0.03 0.98  
24-Apr-2008 11.1 ± 0.1 1.6 ± 0.1 9.5 ± 0.1 0.14 ± 0.01 0.98  
26-Jun-2008 12.0 ±  0.2 3.1 ± 0.4 8.9 ± 0.2 0.36 ± 0.14 0.76  
3-Jul-2008 11.1 ± 0.1 3.8 ± 0.4 7.2 ± 0.3 0.22 ± 0.06 0.78  
10-Jul-2008 12.0 ± 0.2 3.4 ± 1.7 8.6 ± 0.7 0.36 ± 0.04 0.98  
 
 
 
Date 
FDOMm(0)
 
(ppb QS) 
PFDOMm
 
(ppb QS) 
RFDOMm
 
(ppb QS) 
kFDOMm 
(day-1) R2 d) 
20-Sep-2007 6.2 ± 0.1 2.6 ± 0.3 8.8 ± 0.2 0.08 ± 0.02 0.86  
27-Sep-2007 5.2 ± 0.2 2.2 ± 0.4 7.4 ± 0.2 0.06 ± 0.02 0.88  
4-Oct-2007 4.0 ± 0.3 1.6 ± 0.3 5.7 ± 0.1 0.06 ± 0.01 0.94  
31-Jan-2008 5.6 ± 0.2 1.6 ± 0.5 7.2 ± 0.3 0.06 ± 0.01 0.96  
7-Feb-2008 7.0 ± 0.1 1.2 ± 0.2 8.2 ± 0.2 0.04 ± 0.01 0.95  
14-Feb-2008 5.3 ± 0.1 0.9 ± 0.2 6.2 ± 0.1 0.04 ± 0.01 0.97  
17-Apr-2008 5.2 ± 0.1 1.5 ± 0.2 6.7 ± 0.1 0.05 ± 0.01 0.94  
24-Apr-2008 9.3 ± 0.2 2.6 ± 0.4 11.9 ± 0.2 0.06 ± 0.01 0.96  
26-Jun-2008 6.2 ± 0.2 2.5 ± 0.3 8.7 ± 0.1 0.08 ± 0.02 0.90  
3-Jul-2008 4.2 ± 0.1 1.6 ± 0.2 5.8 ± 0.1 0.05 ± 0.01 0.97  
10-Jul-2008 6.4 ± 0.1 2.3 ± 0.2 8.7 ± 0.1 0.07 ± 0.01 0.98  
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Figure 4.3. X-Y plots of the linear relationships between the initial concentration of the protein-like 
fluorophores, FDOMt(0) with a) DOC(0) and b) BDOC; c) bioavailable FDOMt(0) (BFDOMt) with BDOC; and 
d) the initial concentration of the general humic-like fluorophore, FDOMa(0) and RDOC. Solid lines represent 
the corresponding regression and error bars the standard errors. R2 = coefficient of determination, p = level of 
significance. 
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4.3.3. Kinetics of the microbial consumption and production of DOM fluorophores 
 
 
 As in previous studies (Nieto-Cid et al. 2006), the seasonal differences in the initial 
CDOM, and protein- and humic-like FDOM indicate temporal changes in the composition of 
DOM in the Ría de Vigo (Table 4.3.c, d). Protein-like fluorescence (FDOMt) has been 
suggested as a useful indicator of the presence of THAA, which potentially could be used to 
trace the dynamics of labile DOM (Yamashita & Tanoue 2003, Stedmon & Markager 2005, 
Nieto-Cid et al. 2006). This study found significant linear relationships between initial 
FDOMt(0) and DOC(0), BDOC and kDOC (Table 4.4.; Figure 4.3.a, b), suggesting that 
DOC(0), BDOC and kDOC can be derived directly from the initial protein-like fluorescence in 
the Ría de Vigo. Figure 4.2. shows the time course of FDOMt
 
and FDOMm during the 
incubations, which were connected with the changes in BDOC and RDOC (Table 4.4.; Figure 
4.3.c), indicating that they determined the relationship between FDOM and DOC. Initial 
bacterial production had a linear relation with both FDOMt(0) and BFDOMt (Table 4.5.) and 
showed similar evolvement during the incubations (Figure 4.2.) suggesting that BFDOMt was 
representative of a labile substrate, and that high BP followed high levels of protein-like 
substances. 
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Table 4.4. The obtained significant linear regressions between initial (DOC(0)), bioavailable 
(BDOC) and refractory (RDOC) DOC, absorption coefficient of CDOM (α350), initial 
(FDOMt(0), FDOMm(0) , FDOMa(0) and FDOMc(0)) and refractory (RFDOMt, RFDOMm) 
protein-like and humic-like fluorescence, rate constant of DOC (kDOC) and  FDOMt (kFDOMt) 
and build up rate of FDOMm
 
(kFDOMm). Slope and intercept were found by Model II and the 
standard error (SE) by Model I regression. R2 = coefficient of determination, p = level of 
significance, n.s. - not significant. 
X Y Slope (±SE) Intercept (±SE) R2 p
BDOC DOC(0) 1.1 ± 0.2 65 ± 3 0.73 <0.001
BDOC kDOC 0.013 ± 0.002 0.036 ± 0.026 0.84 <0.0001
BDOC PFDOMm 0.09 ± 0.02 0.61 ± 0.27 0.66 <0.002
Salinity FDOMa(0) -0.09 ± 0.03 4 ± 1 0.55 <0.01
Salinity FDOMc(0) -0.18 ± 0.08 8 ± 2 0.4 <0.05
FDOMm0 RDOC 3.4 ± 0.6 47 ± 4 0.67 <0.01
FDOMc0 RDOC 6.8 ± 2.4 54 ± 3 0.47 <0.05
FDOMt0 kFDOMt 0.09 ± 0.02 -0.78 ± 0.22 0.57 <0.01
RFDOMt RFDOMm 1.8 ± 0.4 -7.4 ± 2.9 0.68 <0.01
RFDOMt FDOMa(0) 0.3 ± 0.1 -1.5 ± 0.6 0.52 <0.01
RFDOMt FDOMc(0) 0.6 ± 0.1 -2.9 ± 0.8 0.62 <0.01
a350 RDOC 37 ± 10 55 ± 3 0.59 <0.01
a350 FDOMm(0) 12 ± 2 1.9 ± 0.7 0.72 <0.001
a350 FDOMa(0) 2.9 ± 0.6 0.1 ± 0.2 0.74 <0.0001
a350 FDOMc(0) 5.5 ± 1.9 0.2 ± 0.4 0.74 <0.0001
 
 
A decrease of 3.3 ± 1.4 ppb Trp in FDOMt was observed during the incubations 
(Table 4.3.c; Figure 4.2.c, g, k, o). The exponential degradation model applied to FDOMt 
allowed identifying a bioavailable (BFDOMt) fraction of the protein-like fluorescent material 
(Table 4.3.c). The rate constant of BFDOMt (kFDOMt) ranged from 0.13 to 0.59 day-1 (Table 
4.3.b). Using these rate constants and the average flushing times of water (Table 4.2.) it 
results that 79 ± 14% (average ± SD) of BFDOMt was consumed within the embayment. 
Therefore, 20 ± 13% of the BFDOMt produced in the Ría de Vigo is exported to the adjacent 
shelf, i.e. this embayment horizontally exports labile organic matter. 
The slope of the correlation between kFDOMt and kDOC (Figure 4.4.a) indicated that 
BDOC cycled at a rate corresponding to only 64 ± 5% of BFDOMt, agreeing with a 
preferential mineralization of nitrogen over carbon-rich compounds as found in other studies 
(Garber 1984, Hopkinson et al. 1997, 2002). The origin intercept of this correlation (0.05 ± 
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0.01 day-1) represents the average rate constant of BDOC not coupled to the consumption of 
protein-like substances. Therefore, kDOC can be viewed as the combination of a basal rate 
constant of 0.05 ± 0.01 day-1 plus a rate constant corresponding to kFDOMt linked to the 
consumption of the labile protein-like compounds. It should be noted that the observed 
relationship between kFDOMt and kDOC in Figure 4.4.a is specific for the coastal upwelling area 
of the Ría de Vigo. This experimental approach therefore has to be repeated in any other area 
of interest to establish the relationship between the two rate constants and, therefore, to 
differentiate between the very labile and labile fraction in that area. 
 The refractory FDOMt can be derived in two different ways: 1) from the remaining 
FDOMt at the end of the incubations (8.1 ± 0.8 ppb Trp): and 2) from the origin intercepts of 
the linear regressions of BDOC vs. FDOMt (7.7 ± 0.2 ppb Trp.; Figure 4.3.b) , giving 
comparable levels. This high refractory FDOMt value, 72 ± 7% of FDOMt(0), is likely 
produced by the interference of the tails of the humic-like fluorophores on the FDOMt peak 
rather than by the existence of refractory protein-like materials. This hypothesis is supported 
by the significant linear relationships of RFDOMm, FDOMa(0) and FDOMc(0) with 
RFDOMt (Table 4.4.).  
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Table 4.5. Matrix of the coefficient of determination (R2) of the significant (p < 0.05) linear regressions between 
hydrological, initial bacterial production (BP) and biological oxygen consumption (BOD) with total, bioavailable 
and refractory DOC, FDOMt and FDOMm for Ría de Vigo. n.s. – not significant. 
X/Y DOC BDOC RDOC FDOMt BFDOMt RFDOMt FDOMm PFDOMm RFDOMm
Salinity n.s n.s n.s n.s n.s n.s -0.7 n.s -0.6
Temperature 0.7 0.4 n.s n.s n.s 0.6 n.s 0.6 n.s
BP 0.6 0.8 n.s 0.7 0.4 n.s n.s 0.4 n.s
BOD 0.7 0.6 n.s 0.4 n.s n.s n.s n.s n.s
Chl a 0.5 0.4 n.s n.s n.s 0.8 0.5 0.5 0.7
DIN -0.5 n.s n.s n.s n.s n.s n.s n.s n.s
DIP n.s n.s n.s n.s n.s n.s n.s n.s n.s
 
 
 
The CDOM absorption coefficient at 350nm (α350) remained at the same level during 
the incubations (Appendix 3). CDOM was related with FDOMa(0), FDOMc(0) FDOMm(0)
 
and RDOC
 
(Table 4.4.), suggesting that CDOM absorption could be used to trace refractory 
humic substances (Stedmon & Markager 2001).  
Significant linear correlations were also observed between the humic-like fluorophores 
and RDOC (Table 4.4.; Figure 4.3.d). The origin intercepts of these relationships indicated 
that a large fraction of RDOC (47 - 54 µmol L-1) was non-coloured material, and that only 10-
25 µmol L-1 was coloured. FDOMa(0) and FDOMc(0) were inversely correlated with salinity 
(Table 4.4.), and remained at the initial level throughout the incubations, suggesting a 
predominant allochthonous refractory nature (Yamashita et al. 2008). 
In parallel with the DOC and FDOMt decreases during the course of the incubations, 
there was observed an increase in FDOMm of 1.9 ± 0.6 ppb QS (Table 4.3.; Figure 4.2.d, h, l, 
p). This further confirms marine humic-like fluorophores as a by product of microbial 
degradation processes (Yamashita & Tanoue 2004, Nieto-Cid et al. 2006). The exponential 
model that was used to describe the FDOMm build up, gave production rates (kFDOMm) 
between 0.04 and 0.08 day-1. The slope of the significant (p < 0.001) linear correlation 
between kDOC and kFDOMm (Figure 4.4.b), showed that 13 ± 4% of the consumed DOC 
transforms into humic like materials instead of being oxidized to CO2. 
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Figure 4.4. Plots of the linear relationship between a) the rate constants (day -1) 
of FDOMt
 
(kFDOMt) and DOC (kDOC); and b) kDOC and build up rate of FDOMm 
(kFDOMm). Solid lines represent the corresponding regression, the dashed line in 
panel a is the 1:1 line and the error bars are the standard errors. R2 = coefficient 
of determination, p = level of significance.  
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4.4. Conclusions 
 
 
This study is, to the knowledge of the authors, among the first to show quantitative 
relationships between DOM fluorescence and bioavailability of DOC. The study further 
demonstrates that fluorescence and rate constants of FDOMt during dark incubation can be 
used to derive kDOC in the coastal upwelling system of the Ría de Vigo. Furthermore, it has 
also been shown that a large fraction of the protein-like fluorescent materials is of a non-labile 
nature, probably due to interference of the humic-like fluorescence. The study also suggested 
that CDOM and humic-like fluorescence were linearly related with RDOC and that changes 
of FDOMm during incubation could be used as a proxy of DOM mineralization processes. It 
is proposed that future studies should test the reliability of this approach in other coastal areas, 
to verify the usability of fluorescence spectroscopy in characterizing and assessing 
bioavailability of DOC in marine systems. 
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Production of bioavailable and refractory dissolved 
organic matter by coastal heterotrophic microbial 
populations4 
 
 
Abstract  
 
 
Production of dissolved organic matter (DOM) by heterotrophic microbial 
communities from Loch Creran (Scotland) was studied in time course incubations in which 
cells were re-suspended in artificial seawater amended with variable proportions of glucose, 
ammonium and phosphorus. The incubation experiments demonstrated that microheterotrophs 
released part of the substrate as new DOM, with a production efficiency of 10 ± 1% for DOC, 
17 ± 2% for DON and 16 ± 2% for DOP. Estimating the impact of this production in Loch 
Creran, showed that from 3 ± 1% (DOC) to 72 ± 16% (DOP) of DOM could originate from 
the heterotrophic microbial community. The produced DOM (PDOM) was both bioavailable 
(BDOM) and refractory (RDOM). Bioavailability, as assessed by the difference between the 
maximum and the end DOM concentration, was generally higher than found in natural 
systems, with DOP (80 ± 9%, average ± SD) more bioavailable than DON (66 ± 14%), and 
DON than DOC (33 ± 12%). The stoichiometry of PDOM was linked to both nutrient uptake 
and BDOM ratios.  
Absorption and protein– and humic–like DOM fluorescence increased during the 
incubation time, indicating that the microheterotrophs were also a source of coloured DOM 
(CDOM). 
  
 
 
                                                 
4 Published as: Lønborg C., Álvarez-Salgado X.A., Davidson K., Miller A.E.J. 2009. Production of bioavailable 
and refractory dissolved organic matter by coastal heterotrophic microbial populations. Estuarine, Coastal and 
Shelf Science 82, 682.  
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5.1. Introduction  
 
 
River inputs of inorganic nutrients support high primary production rates in coastal 
marine ecosystems (Lalli & Parsons 1997), which lead to the release of significant amounts of 
autochthonous dissolved organic matter (DOM) (Nagata 2000). Although heterotrophic 
microbial communities are the major consumers of this DOM (Bjorkman & Karl 1994, 
Seitzinger & Sanders 1997, Stepanauskas et al. 1999a, 1999b), considerably less attention has 
been paid to their ability to produce DOM. Some studies have suggested that 
microheterotrophs could be a significant but non quantified source of bioavailable and 
refractory DOM in marine systems (Ogawa et al. 2001, Kawasaki & Benner 2006). 
Release of DOM by phytoplankton has been repeatedly observed in both laboratory 
and field studies, with exudation rates, stoichiometry and availability being related to nutrient 
levels (Fajon et al. 1999, Børsheim et al. 2005). Some studies have suggested that bacteria are 
able to alter their C:N:P biomass ratios depending on the organic substrate ratios (Tezuka 
1990), while others find constant biomass ratios (Goldman et al. 1987).  However, the effect 
of changing C:N:P substrate ratios on the heterotrophic microbial production of DOM is 
largely unknown.  
Heterotrophic microbes have been shown to produce chromophoric DOM (CDOM) 
during mineralization processes (Rochelle-Newall & Fisher 2002). CDOM absorbs light in 
the ultraviolet (UV) region declining to near–zero levels in the red region of the spectrum 
(Stedmon & Markager 2001). A part of the absorbed light is reemitted at longer wavelengths 
(Flourescence, FDOM), with two main DOM flourophores being identified: the protein– and 
humic–like (Coble et al. 1990, Coble 1996). Protein–like fluorescence (FDOMt) has been 
suggested as an indicator of freshly produced DOM, while humic–like flourophores 
(FDOMm) characterize older, more refractory DOM (Coble 1996). 
It was hypothesised that marine heterotrophic microbial communities could be a 
quantitatively important source of DOM in coastal marine waters, with the stoichiometry of 
the produced DOM depending on the substrate ratios. This was investigated by collecting 
heterotrophic microbial populations from Loch Creran, Scotland and growing the community 
in 0.2 µm filtered artificial seawater, amended with carbon (glucose), inorganic nitrogen 
(ammonium) and phosphorus (phosphate) as growth media. Over the time course of the 
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experiment dissolved organic carbon (DOC), nitrogen (DON), and phosphorus (DOP) 
concentrations, as well as DOM absorption and fluorescence were monitored as described 
below.  
 
 
5.2. Material and methods  
 
 
5.2.1. Incubation experiments  
 
 
Samples for the microbial inoculum were obtained during winter and spring (16 Jan 
and 20-Mar-2007) from a depth of 5 m in the Scottish fjord Loch Creran. These sampling 
dates were chosen to investigate the production of DOM by microbial heterotrophic 
populations collected under different biological and hydrological conditions (Lønborg et al. 
2009).  
The artificial seawater was prepared with water treated in a Milli-Q ultraviolet (UV) 
system with a purification unit, which resulted in low carbon and nutrient contents. NaCl, 
KCl, NaHCO3, Na2SO4, MgCl2·6H2O, CaCl2·2H2O, KBr, H3BO3, NaF, SrCl2·6H2O, 
Na2SiO3·6H2O, FeCl3·6H2O, MnSO4·6H2O, ZnSO4·9H2O and CoSO4·9H2O modified from 
Harrison et al. (1980), were added to the Milli-Q water to reach salinity levels equal to the 
microbial inoculum, 28.2 (16 Jan) and 28.3 (20 Mar) respectively. NaCl, Na2SO4, and KCl 
were combusted (450°C for 4 h) before use to remove organic carbon. Glucose (C6H12O6), 
ammonium (NH4Cl) and phosphate (KH2PO4) were added as substrate and pH was adjusted 
to 8.0 with either HCl or NaOH. The microbial inoculum was prepared by gravity filtering the 
seawater from Loch Creran two times through precombusted GF/F filters. The GF/F filtrate 
was thereafter inoculated into the media in a 1:50 dilution. A total of 16 incubations were 
conducted in duplicate in 2 L amber glass bottles and incubated at a constant temperature of 
14ºC in the dark. The DOC concentration of the artificial seawater, 20 µmol L-1, originated 
from the added salts and the inoculum was considered refractory and was therefore subtracted 
from all samples. The impact of this assumption on the obtained results can be calculated by 
firstly assuming that the 20 µmol L-1 are 100% bioavailable, and secondly that the microbes 
would convert 11% (as found in this study) of this DOC into new DOC. This would lead to an 
underestimation of 2 µmol L-1 for the microbial produced pool and 1.5 µmol L-1 for the 
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refractory pool (considering a bioavailability of 33%). Dissolved inorganic nitrogen (DIN) 
and phosphorus (DIP) concentrations of the artificial seawater were below the detection limit.  
Glucose, ammonium and phosphorus concentrations added to the medium ranged from 
163 to 867 µmol L-1 of C, 21.4 to 157.8 µmol L-1 of N, and 1.3 to 13.6 µmol L-1 of P (Table 
5.1.). C:N ratios of the added substrate varied between 2 and 17, C:P ratios from 32 to 311 
and 5 to 57 for N:P. These ratios were chosen to vary widely around the average C:N:P ratio 
of bacterial biomass (50:10:1) (Fagerbakke et al. 1996).   
The total uptake of DIN (UDIN) and DIP (UDIP) was calculated as UDIN = DIN0– 
LDIN and UDIP = DIP0 – LDIP, where DIN0 and DIP0 are the initial nutrient concentrations 
and LDIN, LDIP are the minimum DIN and DIP concentrations obtained at the end of the 
first phase of the cultures.  
Since dissolved organic nitrogen (DON) and phosphorus (DOP) concentrations were 
below the detection limit at the beginning of the experiments, it was assumed that the DON 
and DOP produced during the experiment was of microbial origin, and was named as 
produced DOM (PDOM).The bioavailability (BDOM) of the produced DOM was calculated 
as the difference between PDOM and the refractory DOM (RDOM) at the end of the 
incubations.  
Sub–samples were collected at days 0, 3, 11, 30, 50 and 100 after the beginning of the 
experiments to follow: dissolved organic matter absorbance (CDOM) and fluorescence 
(FDOM), glucose, DOC, DIN, DIP, total dissolved nitrogen (TDN) and phosphorus (TDP), 
total organic carbon (TOC), total nitrogen (TN) and phosphorus (TP). Samples for the 
dissolved phase were filtered through prewashed (> 1 L of sterile filtered Milli–Q water) 0.2 
µm polycarbonate membranes. Samples for CDOM analysis were stored in amber glass 
bottles at 4°C in the dark until measured. Glucose and FDOM samples (20 mL) were 
collected in pre–combusted (450°C for 6 h) glass ampoules and stored frozen (-20ºC) in the 
dark until analyzed. The effect of freezing on the FDOM measurements was analyzed by 
taking samples over the storage time with no major impact found. Samples (10 mL) for TOC, 
DOC, TN and TDN analysis were collected in pre–combusted (450°C for 6 h) glass ampoules 
and preserved by adding 10 µL 85% H2PO4. Samples for DIN and DIP were stored in acid 
washed polyethylene bottles and kept frozen (-20ºC). TDP and TP samples were collected in 
glass bottles and frozen (-20ºC) until analysis. All glassware used was acid–washed (2 µmol 
L-1 HCl) for 24 h and washed three times with Milli–Q water before use. 
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5.2.2. Sample analysis   
 
 
The absorption of CDOM was measured in four replicates in a Thermo Nicolet 
Evolution 300 Turn spectrophotometer using Milli–Q water as a blank. Before analysis 
samples and Milli–Q water were warmed to room temperature. The absorption was measured 
in a 1 cm quartz cuvette at 350 nm. The absorption coefficients (αλ) were calculated as 
follows:  
L
A2.303
α λ
⋅
=λ                                        (1) 
Where Aλ is the optical density measured at 350 nm (m-1) corrected for background absorption 
measured at 700 nm, and the denominator L is the cell path-length in metres (Stedmon & 
Markager 2001).  
FDOM was measured in duplicate in a Perkin Elmer LS 55 luminescence 
spectrophotometer. The instrument was equipped with a xenon discharge lamp, using a 1 cm 
quartz fluorescence cell. Milli–Q water was used as a reference, and subtracted the FDOM 
measurements. Discrete excitation/emission (Ex/Em) pair measurements were performed at 
peaks T (aromatic amino acids, average Ex/Em, 280/350 nm; termed FDOMt) and M (marine 
humic substances, average Ex/Em 320/410 nm; termed FDOMm), according to Nieto-Cid et 
al. (2005). Following Nieto-Cid et al. (2005), fluorescence units were expressed in ppb 
equivalents of trypthophan (ppb Trp) for FDOMt and ppb equivalents of quinine sulphate 
(ppb QS) for FDOMm. 
Glucose was measured in triplicate at days 0, 3, 11 and 30, using the enzyme assay 
described by Hicks & Carey (1968). Concentrations were determined using a four-point 
standard curve following the subtraction of a Milli–Q blank. DOC, TOC, TDN and TN were 
measured in at least triplicate, using a nitrogen–specific Antek 7020 nitric oxide 
chemiluminescence detector, coupled in series with the carbon–specific infrared gas analyser 
of a Shimadzu TOC–5000 organic carbon analyser. Three to five replicate injections of 150 µl 
were performed per sample. Concentrations were determined by subtracting a Milli–Q blank 
and dividing by the slope of a daily standard curve made from potassium hydrogen phthalate 
(C6H4(COOK)–COOH) and glycine (NH4CH2COOH). DON concentrations were obtained by 
subtracting DIN from TDN (DON = TDN – DIN), with the standard error calculated as SE 
2
DON = SE 2TDN + SE 2DIN. DIN (ammonium and nitrate + nitrite) was measured in four 
replicates with a Lachat (quickchem 500) auto analyzer using standard protocols (Hansen & 
Koroleff 1999). Triplicate samples were analyzed for DIP by the standard molybdenum blue 
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technique using a 5 cm cuvette. TDP and TP were measured in triplicate by oxidation to 
soluble reactive phosphorus with the addition of sulphuric acid and persulphate (Koroleff 
1983), following autoclaving at 100°C for 90 min. The standard error for DOP was estimated 
as: SE 2DOP = SE2TDP + SE2SRP. POM concentrations were calculated as the difference between 
TOC and DOC for POC, TN and TDN for PON and TP and TDP for POP. The corresponding 
standard errors where calculated as SE 2POC = SE2TOC + SE2DOC, SE 2PON = SE2TN + SE2TDN and 
SE 2POP = SE2TP + SE2TDP, respectively.   
Regression model II was used to examine the linear relationship between pairs of 
variables (Sokal & Rohlf 1995). The confidence level was set at 95% with the statistical 
analysis conducted in Statistica 6.0.   
 
 
5.3. Results  
 
 
5.3.1. Production of DON and DOP by heterotrophic microbial populations 
  
 
Two contrasting phases were identified during all the incubations: 1) an initial net-
anabolic phase, when the added glucose was still detectable, and 2) a final net-catabolic 
phase, where glucose was undetectable (Table 5.1.; Figure 5.1.). 
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Table 5.1. Glucose presence/absence at day 0 
(Glu0), 3 (Glu3), 11 (Glu11) and 30 (Glu30) of the 
incubations. A plus (+) indicates presence and a 
minus (-) absence of glucose.    
Exp. Glu0 Glu3 Glu11 Glu30
1 + + + -
2 + + + -
3 + + + -
4 + + + -
5 + + + -
6 + + + -
7 + + + -
8 + + + -
9 + + + -
10 + + + -
11 + + + -
12 + + + -
13 + + + -
14 + + + -
15 + + + -
16 + + + -
 
 
 
TN (Figure 5.1.b) and TP (Figure 5.1.c) remained approximately constant throughout 
the incubations, TOC decreased rapidly during the first phase of all the cultures (initial 30 
days) and thereafter more slowly (Figure 5.1.a). Particulate organic matter (POM) reached 
maximum values at day 10 with values between 12 and 138 µmol L-1 for POC (Figure 5.1.a), 
4.7 to 49.3 µmol L-1 for PON (Figure 5.1.b) and 0.6 to 4.4 µmol L-1 for POP (Figure 5.1.c).  
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Figure 5.1. Examples of time evolution (Exp. 1 shown in table 5.2.), of a) total (TOC) particulate (POC) 
and dissolved organic carbon (DOC); b) total nitrogen (TN), particulate organic nitrogen (PON), dissolved 
inorganic (DIN) and organic nitrogen (DON); c) total phosphorus (TP), particulate organic phosphorus 
(POP), dissolved inorganic (DIP) and organic phosphorus (DOP); d) nitrate/nitrite (NO3-/NO2-) and 
ammonium (NH4+). Error bars represent standard errors. 
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DIN and DIP concentrations were not significantly different from TN and TP at the 
beginning of the incubations. The time profile of nutrients concentrations was V–shaped, with 
a pronounced decrease to a minimum during the anabolic and an increase during the catabolic 
phase of the cultures (Figures 5.1.b, c). Nitrate + nitrite concentrations were undetectable at 
the beginning of the incubations, but increased from day 50 onwards in all experiments, 
concomitantly with the corresponding decrease of ammonium (Figure 5.1.d).  
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Figure 5.2.  Production of dissolved organic nitrogen (DON) and phosphorus (DOP) in the 16 experiments, a), 
b) started in Jan and c), d) in Mar 2007. The experimental numbers 1 to 16 represents the same experiment 
numbers as shown in table 5.2.  
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Table 5.2 Concentrations of initial DOC, DIN, DIP and utilized DOC (UDOC), DIN (UDIN) DIP (UDIP) during the experiments, produced DOC (PDOC), DON (PDON), 
and DOP (PDOP) during the experiments and refractory DOC (RDOC), DON (RDON) and DOP (RDOP) at the end of the experiments. Experiments 1 to 8 were 
commenced in January and experiment 9 to 16 in March 2007. Values are averages of 3 replicates ± standard error given in µmol L-1.  
Exp. DOC DIN DIP UDOC UDIN  UDIP  PDOC PDON PDOP RDOC RDON  RDOP  
1 396 ± 1 80.6 ± 0.6 4.06 ± 0.02 396 ± 1 40.7 ± 0.9 2.48 ± 0.10 52 ± 1 5.3 ± 1.4 0.59 ± 0.13 33 ± 1 1.6 ± 0.8 0.14 ± 0.04 
2 440 ± 6 80.2 ± 0.4 1.42 ± 0.02 440 ± 6 20.8 ± 0.4 1.08 ± 0.08 51 ± 1 3.1 ± 0.8 0.27 ± 0.04 31 ± 1 0.4 ± 0.1 0.04 ± 0.05 
3 425 ± 1 25.1 ± 0.1 4.18 ± 0.03 425 ± 1 19.5 ± 0.3 2.32 ± 0.01 47 ± 2 3.5 ± 1.0 0.43 ± 0.04 35 ± 1 1.2 ± 0.2 0.17 ± 0.02 
4 163 ± 1 77.6 ± 0.3 4.45 ± 0.02 163 ± 1 8.6 ± 0.4 1.19 ± 0.02 26 ± 2 2.2 ± 0.9 0.25 ± 0.04 21 ± 1 1.6 ± 0.4 0.07 ± 0.05 
5 789 ± 3 93.4 ± 0.2 4.73 ± 0.03 789 ± 3 62.8 ± 0.3 3.78 ± 0.08 84 ± 1 11.7 ± 0.8 0.67 ± 0.05 42 ± 1 1.1 ± 0.5 0.07 ± 0.02 
6 411 ±  6 157.5 ± 0.4 4.47 ± 0.04 411 ±  6 32.7 ± 0.6 3.00 ± 0.04 45 ± 4 5.3 ± 0.9 0.61 ± 0.06 24 ± 1 2.4 ± 0.5 0.10 ± 0.01 
7 396 ± 2 79.2 ± 0.1 8.11 ± 0.06 396 ± 2 34.2 ± 0.3 3.66 ± 0.08 48 ± 1 5.8 ± 0.8 0.73 ± 0.08 28 ± 1 1.5 ± 0.6 0.20 ± 0.02 
8 433 ± 1 88.1 ± 0.4 4.59 ± 0.04 433 ± 1 18.1 ± 0.8 2.35 ± 0.10 46 ± 1 3.6 ± 0.8 0.52 ± 0.09 28 ± 1 1.3 ± 0.8 0.06 ± 0.04 
9 543 ± 2 84.0 ± 0.6 7.06 ± 0.07 543 ± 2 29.4 ± 0.7 3.95 ± 0.15 74 ± 1 5.7 ± 0.8 0.55 ± 0.10 38 ± 1 1.9 ± 0.9 0.12 ± 0.07 
10 440 ± 7 82.1 ± 0.3 4.09 ± 0.02 440 ± 7 35.0 ± 0.8 3.90 ± 0.06 49 ± 3 6.3 ± 0.9 0.58 ± 0.07 39 ± 1 1.4 ± 0.5 0.09 ± 0.03 
11 411 ± 9 51.0 ± 0.4 7.69 ± 0.06 411 ± 9 41.1 ± 0.8 5.10 ± 0.07 48 ± 2 6.3 ± 0.8 0.75 ± 0.08 38 ± 1 1.6 ± 0.3 0.14 ± 0.04 
12 409 ± 3 88.5 ± 0.2 7.57 ± 0.07 409 ± 3 24.6 ± 0.6 2.91 ± 0.15 45 ± 1 4.8 ± 1.0 0.48 ± 0.09 32 ± 1 1.8 ± 0.4 0.06 ± 0.02 
13 867 ± 2 84.1 ± 0.3 7.43 ± 0.10 867 ± 2 45.1 ± 0.6 4.01 ± 0.10 93 ± 2 6.2 ± 0.8 0.72 ± 0.06 54 ± 3 2.5 ± 0.4 0.05 ± 0.03 
14 449 ± 2 164.7 ± 0.4 7.28 ± 0.05 449 ± 2 34.1 ± 1.0 2.91 ± 0.09 41 ± 2 6.2 ± 0.9 0.55 ± 0.13 34 ± 1 2.4 ± 1.1 0.11 ± 0.04 
15 442 ± 1 74.8 ± 0.4 13.64 ± 0.05 442 ± 1 30.9 ± 0.5 1.33 ± 0.09 50 ± 3 6.0 ± 1.0 0.28 ± 0.12 42 ± 1 2.2 ± 0.5 0.11 ± 0.03 
16 448 ± 3 96.5 ± 0.9 7.57 ± 0.03 448 ± 3 27.0 ± 1.6 2.06 ± 0.08 43 ± 1 5.8 ± 1.1 0.36 ± 0.08 27 ± 2 2.3 ± 0.9 0.09 ± 0.02 
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The initial DOC (glucose) equalled to the utilized DOC (UDOC) (Table 5.2.), as the 
background DOC from the artificial seawater and the inoculum were assumed to be 
refractory. The DON and DOP maximum was found at day 30 of the incubations (Figure 5.2.) 
associated with complete depletion of the added glucose (Table 5.1.). The produced DOM 
(PDOM) reached concentrations of 26 to 93 µmol L-1 for PDOC, 2.2 to 11.7 µmol L-1 for 
PDON, and 0.22 to 0.73 µmol L-1 for PDOP (Table 5.2.). Calculating the bioavailability 
(BDOM) as the difference between PDOM and the refractory DOM (RDOM) at the end of 
the incubations, it results that 33 ± 12% (average ± SD) of PDOC, 66 ± 14% of PDON and 80 
± 9% of PDOP
 
were bioavailable. The PDOM C:N ratios varied between 7 and 16, C:P ratios 
from 66 to 232 and 7 to 22 for N:P. Resulting C:N:P ratios varied between 66:8:1 and 
232:16:1 (average 111:11:1). The stoichiometry of PDOM was linearly related with the C:N:P 
ratios of UDOC, UDIN and UDIP (Figure 5.3.a, c, e).  
 
 
Table 5.3. Significant linear regressions between used DOC (UDOC) and produced DOC 
(PDOC); bioavailable (BDOC) and PDOC; used dissolved inorganic nitrogen (UDIN), 
produced (PDON) and bioavailable DON (BDON); used phosphorus (UDIP) and produced 
DOP (PDOP); bioavailable DOP (BDOP) and PDOP. Slope and intercept were found by 
Model II and the standard error (SE) by Model I regression. R2 = coefficient of 
determination, p = level of significance. 
X Y Slope (±SE) Intercept (±SE) R2 p
UDOC PDOC 0.10 ± 0.01 4 ± 5 0.90  < 0.00001
BDOC PDOC 1.4 ± 0.2 27 ± 3 0.80 < 0.00001
UDIN PDON 0.17 ± 0.02 0.3 ± 0.6 0.85 < 0.0001
BDON PDON 1.0 ± 0.2 1.7 ± 0.3 0.92 < 0.001
UDIP PDOP 0.16 ± 0.02 0.06 ± 0.05 0.79 < 0.00001
BDOP PDON 1.1 ± 0.1 0.08 ± 0.03 0.82 < 0.00001
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Figure. 5.3. Significant regressions between substrate utilized (UDOC, UDIN, UDIP) and produced DOM 
(PDOM) stoichiometry and the X–Y plots of linear relation between PDOM and bioavailable DOM (BDOM) 
stoichiometry. With a) UDOC:UDIN with PDOC:PDON, b) PDOC:PDON versus BDOC:BDON, c) 
UDOC:UDIP versus PDOC:PDOP, d) PDOC:PDOP with BDOC:BDOP, e) UDIN:UDIP versus PDON:PDOP 
and f) PDON:PDOP with BDON:BDOP. Slope and intercept were found by Model II and the standard error by 
Model I regression. R2 = coefficient of determination, p = significant levels. 
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5.3.2. Production of chromophoric DOM 
 
 
 Table 5.4.a shows how α350 increased from being undetectable at the beginning of 
the incubations reaching an average value of 0.47 ± 0.26 m-1 at the end. In parallel to the 
production of CDOM, FDOM also increased during the incubations above background levels 
in all cases, with a mean (± SE) of 12.9 ± 5.6 ppb Trp for FDOMt and 6.4 ± 3.8 ppb QS, for 
FDOMm (Table 5.4.b, c). The amounts of FDOMt and FDOMm produced increased with 
substrate uptake and produced DOM (Table 5.5.).  
 
 
Table 5.4. a) Absorption coefficients (α350) at day 0 (α3500), 30 (α35030) and 100 (α350100). b) 
Initial (FDOMt0), produced (PFDOMt0) and refractory (RFDOMt0) protein–like fluorescence.; c) 
Initial (FDOMm0), produced (PFDOMm) and refractory (RFDOMm) marine humic–like 
fluorescence;  Experiments 1 to 8 were commenced in Jan and experiments 9 to 16 in Mar 2007. 
Values are averages of 2 replicates ± standard error. 
Experiment α3500 (m-1) α35030 (m-1) α350110 (m-1) a)
1 0.05 ± 0.05 0.44 ± 0.08 0.67 ± 0.02
2 0.01 ± 0.02 0.27 ± 0.03 0.61 ± 0.09
3 0.06 ± 0.06 0.25 ± 0.10 0.92 ± 0.12
4 0.07 ± 0.08 0.32 ± 0.08 0.60 ± 0.09
5 0.01 ± 0.01 0.36 ± 0.03 0.52 ± 0.10
6 0.07 ± 0.08 0.50 ± 0.05 0.84 ± 0.17
7 0.01 ± 0.04 0.38 ± 0.10 0.45 ± 0.18
8 0.02 ± 0.02 0.13 ± 0.07 0.64 ± 0.09
9 0.07 ± 0.08 0.31 ± 0.08 0.41 ± 0.04
10 0.08 ± 0.09 0.42 ± 0.10 0.69 ± 0.07
11 0.08 ± 0.09 0.24 ± 0.05 0.34 ± 0.07
12 0.03 ± 0.04 0.24 ± 0.04 0.38 ± 0.05
13 0.02 ± 0.02 0.32 ± 0.08 0.41 ± 0.16
14 0.04 ± 0.04 0.39 ± 0.04 0.53 ± 0.03
15 0.01 ± 0.01 0.34 ± 0.05 0.34 ± 0.09
16 0.01 ± 0.01 0.52 ± 0.03 1.33 ± 0.09
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Experiment FDOMt0 (ppb Trp) PFDOMt (ppb Trp) RFDOMt (ppb Trp) b)
1 3.5 ± 0.6 17.7 ± 0.7 21.1 ± 0.1
2 3.2 ± 0.6 10.0 ± 0.9 13.2 ± 0.3
3 2.6 ± 0.4 13.0 ± 1.0 15.6 ± 0.7
4 2.3 ± 0.2 6.1 ± 0.7 8.4 ± 0.5
5 2.5 ± 0.2 19.9 ± 0.7 22.4 ± 0.5
6 3.9 ± 0.1 17.7 ± 0.6 21.5 ± 0.5
7 3.0 ± 0.3 21.2 ± 0.4 24.2 ± 0.1
8 1.3 ± 0.5 10.9 ± 0.7 12.2 ± 0.2
9 2.3 ± 0.6 16.3 ± 0.8 18.6 ± 0.2
10 3.2 ± 0.3 7.9 ± 0.9 11.1 ± 0.5
11 2.6 ± 0.3 10.6 ± 0.4 13.2 ± 0.2
12 2.3 ± 0.6 7.9 ± 1.1 10.2 ± 0.5
13 4.5 ± 0.9 15.2 ± 1.0 19.7 ± 0.1
14 2.9 ± 0.1 11.4 ± 0.3 14.3 ± 0.2
15 1.0 ± 0.2 14.5 ± 0.6 15.5 ± 0.4
16 2.3 ± 0.2 9.4 ± 0.6 11.7 ± 0.4
 
 
Experiment FDOMm0 (ppb QS) PFDOMm (ppb QS) RFDOMm (ppb QS) c)
1 2.58 ± 0.3 9.0 ± 0.5 11.7 ± 0.1
2 2.5 ± 0.5 10.6 ± 0.8 13.1 ± 0.3
3 2.0 ± 0.6 8.9 ± 0.7 10.8 ± 0.1
4 2.5 ± 0.3 4.7 ± 0.7 7.2 ± 0.5
5 2.9 ± 0.1 14.0 ± 0.2 16.8 ± 0.2
6 2.2 ± 0.3 5.0 ± 0.9 7.2 ± 0.6
7 1.9 ± 0.4 5.4 ± 0.5 7.3 ± 0.2
8 1.8 ± 0.2 4.8 ± 0.2 6.6 ± 0.2
9 2.8 ± 0.3 7.8 ± 1.0 10.5 ± 0.7
10 2.3 ± 0.5 3.7 ± 0.6 6.0 ± 0.1
11 1.8 ± 0.6 4.0 ± 0.7 5.8 ± 0.2
12 2.4 ± 0.3 3.2 ± 1.1 5.6 ± 0.8
13 2.6 ± 0.1 13.1 ± 0.2 15.7 ± 0.1
14 2.2 ± 0.3 2.8 ± 0.5 5.0 ± 0.3
15 2.0 ± 0.4 5.2 ± 0.5 7.2 ± 0.1
16 1.8 ± 0.2 5.1 ± 0.3 6.9 ± 0.1
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Table 5.5. Matrix of the correlation coefficient (R2) of the 
significant (p < 0.05) linear regressions between DOM and the 
produced protein– (PFDOMt) and marine humic–like (PFDOMm) 
flourophores. n.s. – not significant. 
X-Y FDOMT FDOMM 
UDIN 0.60 0.33
UDOC 0.53 0.64
RDOC n.s. 0.45
BDOC 0.77 0.53
BDON 0.30 0.38
BDOP 0.44 n.s.
 
 
 
5.4. Discussion 
 
 
Single–substrate approaches as used in this study are an obvious simplification of 
reality, and will not fully represent the natural microbial growth substrate. These experiments 
should therefore be seen as a first trial to quantify heterotrophic microbial production of 
DOM.   
Two contrasting phases have been identified during all the incubations (Table 5.1.; 
Figure 5.1): 1) an initial net-anabolic phase, when the added glucose was still detectable, as 
characterised by the net consumption of the glucose, DIN and DIP and a net production of 
DOM; and 2) a final net-catabolic phase, where glucose was undetectable, characterised by 
the net production of DIN and DIP and the net consumption of the DOM produced during the 
anabolic phase of the cultures. Goldman & Denett (2001) also observed in their cultures that 
ammonium was taken up as long as a readily assimilable carbon source such as glucose was 
present, whilst nutrient regeneration was evident only after glucose was completely utilized.  
 
 
5.4.1. Production of DON and DOP by heterotrophic microbial populations 
 
 
 POM and inorganic nutrients concentrations showed opposite patterns, POM 
increased during the net-anabolic phase of the cultures, reaching maximum values at day 10 
(Figure 5.1.a-c) and subsequently decreased. The increase in nitrate+nitrite following the 
Production of DOM by heterotrophic microbes 
 
 
 103 
decrease in ammonium concentrations (Figure 5.1.d), suggested, that ammonium was 
consumed 1) as a substrate during the net-anabolic phase of the cultures (Kirchman 1994); 
and 2) as an energy source during the net-catabolic phase of the cultures on basis of the 
complete oxidation of ammonium to nitrate, i.e. nitrification (Wada & Hattori 1991).   
In the net-anabolic phase, the use of glucose and inorganic nutrients by the community 
of microheterotrophs was accompanied by increases in DON and DOP concentrations (Figure 
5.1.b, c). It was hypothesised that bacteria take up the dissolved substrate, converting it into 
organic matter which is subsequently released as DOM by direct extra cellular release and/or 
by protist grazing and viral lysis (Caron et al. 1985, Riemann & Middelboe 2002, Kawasaki 
& Benner 2006). A DON and DOP maximum was found at day 30 of the incubations (Figure 
5.2.), associated with complete depletion of the added glucose (Table 5.1.). The efficiency of 
the microbial DOM production was found using the slope of the linear regressions between 
UDOC (glucose) and PDOC (10 ± 1%), UDIN and PDON (17 ± 2%), and UDIP and PDOP 
(16 ± 2%) (Table 5.3.), these estimates were comparable to values found in similar 
experiments (Kawasaki & Benner 2006).  
In the net-catabolic phase of the incubations, DOM concentrations decreased until the 
end of the experiments (Figure 5.1.; 5.2.). The calculated bioavailability (BDOM) suggest that 
PDOC and PDON were more bioavailable than found in natural marine waters (9–30%, DOC; 
30–40%, DON) (Hopkinson et al. 2002, Lønborg & Søndergaard 2009), while PDOP 
bioavailability was comparable with natural systems (70–80%) (Hopkinson et al. 2002, 
Lønborg et al. 2009). Thereby PDOP was more bioavailable than PDON, and PDON more 
than PDOC consistent with findings in natural marine systems (Hopkinson et al. 2002). The 
slopes of the linear regressions between BDOM and PDOM indicate that most of the 
variations in PDOM were due to the bioavailable fraction (Table 5.3.). The significant origin 
intercepts of those regressions together with the significant DOM end levels (Table 5.3.; 
Figure 5.2.) showed that part of the PDOM persisted at the end of the incubations, 
demonstrating that the microbial communities also produced refractory DOM (RDOM) in 
agreement with previous studies (Ogawa et al. 2001, Kawasaki & Benner 2006). For 
estimating the environmental impact of the microbial DOM production, DOC and nutrient 
data from Loch Creran (Lønborg et al. 2009), together with average efficiency of DOC (10 ± 
1%), DON (17 ± 2%), and DOP (16 ± 2%) production found in this study can be used. These 
calculations showed that the heterotrophic microbial community on average produce 5 ± 2 
µmol L-1 DOC, 0.7 ± 0.5 µmol L-1 DON and 0.08 ± 0.04 µmol L-1 DOP, corresponding to 3 ± 
1%, 8 ± 7% and 72 ± 16% of the measured DOC, DON and DOP in Loch Creran.  
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The average PDOM C:N:P stoichiometry (111:11:1), was generally richer in carbon 
than typically found for bacterial biomass (50:10:1) (Goldman et al. 1987, Fagerbakke et al. 
1996), and more N and P rich than for both algae produced (170:6.5:1) (Conan et al. 2007) 
and marine bulk DOM (300:22:1) (Benner 2002). The stoichiometry of PDOM was linearly 
related with the C:N:P ratios of UDOC, UDIN and UDIP (Figure 5.3.a, c, e). The slopes of 
the linear regressions show that PDOM had C:N and C:P ratios which were 70 ± 14% and 60 
± 6% lower than the substrate, while the N:P ratios (87 ± 18%) were similar, indicating that 
the stoichiometry of PDOM is linked to the substrate ratios. The fact that the C:N and C:P 
ratios of PDOM were 30 - 40% lower than the corresponding substrate ratios can be attributed 
to the bacterial respiration of glucose, which previously has been found to represent 30 - 60% 
of the total consumption (Bianchi et al. 1998). The stoichiometry of BDOM was similar to 
ranges reported for bacterial C:N:P ratios (Goldman et al. 1987, Fagerbakke et al. 1996). The 
slopes of the correlation between PDOM and BDOM stoichiometries (Figure 5.3.b, d, f) 
indicate that BDOM had C:N and C:P ratios that were 53 ± 19% and 54 ± 6% lower 
respectively, while N:P ratios (111 ± 14%) were not significantly different from PDOM. 
 
 
5.4.2. Production of chromophoric DOM  
 
 
Recent studies suggest that marine bacteria can produce CDOM and FDOM in coastal 
ecosystems depending on the chemical composition of the substrate (Rochelle-Newall & 
Fisher 2002, Yamashita & Tanoue 2008). Table 5.4.a shows how α350 increased both during 
the net-anabolic and net-catabolic phase from being undetectable at the beginning of the 
incubations reaching higher values (average ± SD - 0.47 ± 0.26 m-1) at the end. This increase 
indicates microbial production of coloured high molecular weight aromatic DOM (Pages & 
Gadel 1990). In parallel to the production of CDOM, FDOM also increased during both the 
net-anabolic and net-catabolic phase above background levels in all cases (Table 5.4.b, c), in 
agreement with previous studies (Kramer & Herndl 2004, Yamashita & Tanoue 2004). The 
amounts of FDOMt and FDOMm produced increased with substrate uptake and produced 
DOM (Table 5.5.). Although protein–like fluorophores have been suggested to represent 
freshly produced DOM (Yamashita & Tanoue 2004), our study found links between FDOMt 
and DOM bioavailability (Table 5.5.), but also the production of refractory FDOMt 
(RFDOMt) signal. This RFDOMt signal is most likely due to the interference of the tails of 
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the humic-like fluorophores on the FDOMt peak rather than by the existence of refractory 
protein-like materials. FDOMm was related linearly with both BDOC and RDOC, confirming 
it as a product of microbial degradation processes (Yamashita & Tanoue 2004, Nieto-Cid et 
al. 2006, Yamashita & Tanoue 2008). 
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6.1. DOM bioavailability  
 
 
The flow of carbon, nitrogen and phosphorus from DOM to bacteria is an important 
part of the biogeochemical cycles in aquatic ecosystems.  
Chapter 2 and 3 in this thesis describe the dynamics of DOM bioavailability in two 
coastal waters: a sea loch on the west coast of Scotland and a coastal upwelling system in 
Spain. The choice to use these stations was based on their difference in physical and chemical 
parameters making it possible to test if DOM bioavailability changes between contrasting 
marine systems. 
The DOC and DON concentrations were generally higher in Loch Creran than in the 
Ría de Vigo, while DOP values were on similar levels (Chapter 2 and 3). The DOM 
bioavailability in Loch Creran was percentage-wise more degradable than DOM in the Ría de 
Vigo (Table 6.1.). At both stations positive linear correlations were found between BDOM 
and DOM (Table 6.2.). The slopes of these relations were not significantly different from 1, 
demonstrating that the seasonal variations in DOM were due to the BDOM pool. The origin 
intercept of the regressions indicated the refractory DOM pool (RDOM), showing that 
refractory DOC and DON had higher concentrations in Loch Creran than in the Ría de Vigo, 
while the refractory DOP pool was higher in the Ría de Vigo, which could also partly explain 
the higher DOM concentration found in Loch Creran. The higher RDOM levels were 
probably connected to the large terrestrial influence in Loch Creran as indicated by the lower 
salinity at this station. The BDOM was at both stations correlated with temperature and 
chlorophyll a indicating that the differences in BDOM at both stations was related to the 
seasonal variations in plankton biomass and activity. 
The stoichiometry of DOM and BDOM could be determined from the slopes of the 
DOM element–element regressions (Table 6.3.). The average DOM C:N:P molar ratios was in  
Loch Creran enriched in carbon, while in the Ría de Vigo it was comparable to the Redfield 
ratios.  
The C:N molar ratio of BDOM, in Loch Creran and in the Ría de Vigo (Table 6.3.), 
were both not significantly different from the Redfield ratio (Redfield et al. 1963), or from 
phytoplankton produced DOM (Conan et al. 2007). In contrast, the average C:P molar ratio of 
BDOM in Loch Creran was strongly P depleted, while in the Ría de Vigo (Table 6.3.) it was 
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similar to the Redfield ratio (106:1). Comparing the BDOM N:P ratios with the Redfield ratio 
of 16, the average ratio, suggested P depletion in Loch Creran, while the ratio in the Ría de 
Vigo again was similar to Redfield ratio (Table 6.3.). The difference in BDOM stoichiometry 
between the two stations suggests differences in the chemical composition.  
The BDOM rate constants demonstrated that DOM in the Ría de Vigo, was much 
more labile than in Loch Creran. With half-live being 13 ± 9 days for DOC (average ± SE), 8 
± 4 days for DON and 6 ± 2 days for DOP in Loch Creran and 3.2 ± 1.1 days for DOC, 2.4 ± 
0.7 days for DON and 1.9 ± 0.6 days for DOP, in the Ría de Vigo. But it also demonstrated 
the lability decreased in the sequence DOP > DON > DOC at both stations. 
The efficiency of the two areas to process BDOM was calculated from the exponential 
decay model (Chapter 2 and 3) using the rate constants and the water flushing time. It was 
found that the majority of BDOP was mineralized, while parts of BDON and BDOC were 
exported from both areas. The exported BDOM was more carbon-rich than the DOM 
degraded within the areas.  
The slopes of the relationships between BDON/DIN and BDOP/DIP provide an 
estimate of the mineralized N and P derived from DOM degradation (Hopkinson et al. 1997). 
Demonstrating that 70 ± 20% (Loch Creran) and 14 ± 9% (Ría de Vigo) of DIN originated 
from BDON and 18 ± 1% and 15 ± 8% of DIP was derived from BDOP in Loch Creran and 
the Ría de Vigo respectively. This indicates that DOM was an important nutrient source in 
both areas, with a larger importance as a nitrogen source in Loch Creran.  
The null hypothesis (H0) of these studies (Chapter 2 and 3) was that the DOM 
bioavailability would not vary seasonally or between contrasting marine systems. As both 
seasonal and location differences were found in DOM bioavailability the null hypothesis can 
be rejected.  
  In order to compare the DOM bioavailability from these two areas with other studies 
data was sampled from the literature (Table 6.1.). This data includes both values collected 
using the depth distribution of DOM and microbial bioassay experiments to quantify 
bioavailable DOM. It was chosen only to include data from table 6.1 for marine waters, which 
was defined as stations with salinity over 5. The dataset included 105 points for DOC with 
concentrations ranging between 44 and 514 µmol L-1, 98 points for DON with concentration 
between 4.4 and 36.4 µmol L-1 and 92 data points for DOP with concentrations between 0.06 
and 0.52 µmol L-1. The bioavailability of BDOC reached values between 4 and 193 µmol L-1, 
representing from 4 to 64% of DOC (23 ± 12%, average ± SE). The DON bioavailability 
ranged between 0.3 and 16.7 µmol L-1, corresponding to between 0 and 73% of the whole 
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pool (39 ± 16%). DOP had a bioavailability between 0.01 and 0.35 µmol L-1, representing 
between 9 and 88% of the pool (64 ± 26%) (Figure 6.1.).  
 
 
Table 6.1. Averages and ranges of DOM consumed by coastal/marine bacteria calculated using data from the 
studies. – not determined in the study.  
Site DOC DON DOP Reference 
North-Equatorial Pacific 20% - - Ogura 1972 
North atlantic ocean 23- 42 % - - Kirchmann et al 1991
Sargasso sea 16% - - Druffel et al. 1992
Mediterranean sea 46% - - Copin-montéget & Avril 1993 
Baltic Sea 64% - - Zweifel et al. 1993 
Sargasso sea 38% - - Carlson et al. 1994 
North atlantic 30% - - Pakulski & Benner 1994
Gulf of mexico 40% - - Pakulski & Benner 1994
Equatorial pacific 6% - - Pakulski & Benner 1994
Bermuda Atlantic time series station 6-7% - - Carlson & Ducklow 1995  
George bank 17% - - Chen et al. 1996
Ría de Vigo 20-40 % - - Doval et al. 1997 
George bank 30% 46% 88% Hopkinson et al. 1997
Mediterranean sea 33% - - Doval et al. 1999
Baltic Sea - 4-29% - Jørgensen et al. 1999
South east USA 9% - - Moran et al. 1999
Adriatic Sea 21% - - Pettine et al. 1999*
Baltic Sea - 6-23% - Stepanauskas et al. 1999 
Baltic Sea 6-16% - - Zweifel 1999
Black sea 9% - - Becquevort et al. 2002
George bank 30% 40% 80% Hopkinson et al. 2002
North east USA - 0-73% - Seitzinger et al. 2002
N-E-Atlantic 35% 38% 69% Aminot & Kérouel 2004
Baltic Sea - - 24% Nausch & Nausch 2004
York River estuary 9% - - Raymond & Bauer 2004 
Randers Fjord 3-13% - - Rochelle et al. 2004
Pacific time series station 35% 55% 73% Hopkinson & Vallino 2005*
Western Arctic Ocean 21% - - Davies & Benner 2006
Baltic Sea - - 34% Nausch & Nausch 2006 
Black sea 20% 31% - Ducklow et al. 2007
Baltic Sea - - 58% Nausch& Nausch 2007
South China Sea 42-50% - - Hung et al. 2007
South west England - 4-84% - Badr et al. 2008
Horsens Fjord 22% 43% - Lønborg & Søndergaard 2009 
Darss Sill 14% 28% - Lønborg & Søndergaard 2009 
Arkona Deep 4% 10% - Lønborg un.publ results
Loch Creran 30% 48% 89% Chapter 2
Ría de Vigo 17% 38% 65% Chapter 3
* Data extracted from appendix data
 
 
 
Positive linear relationships were found between DOM and BDOM in all the sampled 
studies (Table 6.2.) with most slopes being not significantly different from 1, suggesting that 
the bioavailable fraction controlled the variations
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Loch Creran and the Ría de Vigo. In those cases where the slope was significantly different 
from 1 it is likely due to the fact that RDOM concentrations changes as a consequence of 
large differences in the freshwater inputs. The origin intercepts of the regressions indicated 
the refractory concentration of DOM, which was variable for DOC, while DON and DOP 
showed more constant values (Table 6.2.). Comparing these refractory levels with the 
concentrations found in the deep sea it was found that they were higher for DOC (35 - 45 
µmol L-1, Hansell & Carlson 1998b), while refractory DON and DOP were generally only 
slightly higher than the levels found in the deep sea < 3 and 0.02 µmol L-1 respectively 
(Hopkinson et al. 1997, Bronk, 2002). 
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Figure 6.1. Bioavailable DOM (BDOM) in relation to total DOM 
concentrations for a) DOC, b) DON and c) DOP.  
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Table 6.2. The regressions between bioavailable DOM (BDOM) and total DOM concentrations for a) 
DOC, b) DON and c) DOP calculated using the original data from the studies presented in table 6.1  
Slope, and intercept are values found by Model II and the standard error by Model I  regression (Sokal 
& Rohlf 1995). R2 = coefficient of determination, p = significant levels and n.s. – not significant. 
X Y Slope (± SE) Intercept (± SE) R2 p a)
Adriatic Sea BDOC DOC 1.2 ± 0.4 109 ± 11 0.51 <0.002
Baltic Sea BDOC DOC 1.7 ± 0.9 351 ± 24 0.53 <0.05
Darss Sill BDOC DOC 2.9 ± 2.1 150 ± 37 0.42 <0.05
George Bank BDOC DOC 1.9 ± 0.5 55 ± 11 0.59 <0.0001 
Hawaii Time series BDOC DOC 1.1 ± 0.1 45 ± 1 0.69 <0.001
Horsens Fjord BDOC DOC 1.1 ± 0.1 169 ± 8 0.81 <0.001
Loch Crean BDOC DOC 1.1 ± 0.1 78 ± 5 0.89 <0.001
Ría de Vigo BDOC DOC 1.1 ± 0.2 65 ± 3 0.73 <0.001
Site X Y Slope (± SE) Intercept (± SE) R2 p b)
Darss Sill BDON DON 1.8 ± 0.3 12.6 ± 2.0 0.62 <0.0001
George Bank BDON DON 1.3 ± 0.3 5.0 ± 1.0 0.64 <0.00002
Hawaii Time series BDON DON 1.0 ± 0.1 1.9 ± 0.1 0.77 <0.0001
Horsens Fjord BDON DON 1.7 ± 0.3 5.7 ± 2.3 0.68 <0.0001
Loch Crean BDON DON 1.2 ± 0.2 3.6 ± 0.7 0.84 <0.0001
Ría de Vigo BDON DON 1.1 ± 0.1 3.3 ± 0.2 0.95 <0.001
Site X Y Slope (± SE) Intercept (± SE) R2 p c)
Baltic sea BDOP DOP 1.1 ± 0.1 0.18 ± 0.02 0.78 <0.0001
George Bank BDOP DOP 1.2 ± 0.2 -0.01 ± 0.07 0.62 <0.0001 
Hawaii Time series BDOP DOP 1.0 ± 0.1 0.04 ± 0.01 0.76 <0.0001
Loch Crean BDOP DOP 0.9 ± 0.1 0.02 ± 0.01 0.97 <0.0001
Ría de Vigo BDOP DOP 0.9 ± 0.1 0.09 ± 0.02 0.85 <0.001
 
 
 
The stoichiometry of DOM and BDOM could be determined from the slopes of the 
DOM element–element regressions (Table 6.3.), showing that the DOM ratios varied between 
133 (± 44):14 (± 3):1 and 482 (± 75):46 (± 17):1 (Table 6.3.). The significant origin intercepts 
in all these linear regressions (Table 6.3.) showed that a background level of DOC would 
persist when DON and DOP reached zero. Additionally, the origin intercept of the 
relationship between DON and DOP showed that DON would remain when DOP was 
depleted (Table 6.3). Demonstrating that the degradation followed the sequence DOP > DON 
> DOC also over larger scales linking DOM N and P depletion with age (Jackson & Williams 
1985, Hopkinson et al. 1997, 2002). 
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Table  6.3. The significant relations between  a) DON vs. DOC and BDON vs. BDON , a) DOP vs. DOC and 
BDOP vs. BDOC and c) DOP vs. DON and BDOP vs. BDON. Calculated using data presented in table 6.1. 
Slope, and intercept are values found by Model II and the standard error by Model I regression. R2 = coefficient 
of determination, p = significant levels. 
Site X Y Slope (± SE) Intercept (± SE) R2 p a)
Darss Sill DON DOC 9 ± 3 48 ± 13 0.54 <0.05
BDON BDOC 5 ± 3 5 ± 19 0.34 <0.05
George Bank DON DOC 15 ± 2 -35 ± 21 0.77 <0.001
BDON BDOC 11 ± 4 -8 ± 19 0.26 <0.05
Hawaii Time series DON DOC 18 ± 2 -11 ± 11 0.40 <0.001
BDON BDOC 19 ± 4 -33 ± 13 0.20 <0.001 
Loch Crean DON DOC 10 ± 2 22 ± 10 0.69 <0.001
BDON BDOC 8 ± 2 2 ± 6 0.53 <0.005
Ría de Vigo DON DOC 10 ± 2 23 ± 10 0.84 <0.001
BDON BDOC 10 ± 1 -8 ± 4 0.83 <0.001
Site X Y Slope (± SE) Intercept (± SE) R2 p b)
George Bank DOP DOC 576 ± 115 -56 ± 62 0.32 <0.02
BDOP BDOC 759 ± 148 -154 ± 56 0.47 <0.01
Hawaii Time series DOP DOC 287 ± 20 30 ± 7 0.36 <0.0001
BDOP BDOC 256 ± 21 -7 ± 10 0.15 <0.0001
Loch Crean DOP DOC 482 ± 75 57 ± 8 0.79 <0.0001
BDOP BDOC 357 ± 53 -4 ± 7 0.79 <0.0001
Ría de Vigo DOP DOC 133 ± 44 54 ± 13 0.52 <0.01
BDOP BDOC 156 ± 23 -7 ± 6 0.59 <0.001
Site X Y Slope (± SE) Intercept (± SE) R2 p c)
George Bank DOP DON 38 ± 8 -1 ± 4 0.39 <0.01
BDOP BDON 30 ± 6 -4 ± 3 0.40 <0.01
Hawaii Time series DOP DON 16 ± 1 2 ± 1 0.34 <0.001
BDOP BDON 15 ± 1 1 ± 1 0.21 <0.001
Loch Crean DOP DON 46 ± 17 3 ± 1 0.41 <0.02
BDOP BDON 33 ± 9 1 ± 1 0.55 <0.04
Ría de Vigo DOP DON 14 ± 3 3 ± 1 0.62  <0.01
BDOP BDON 18 ± 6 0 ± 1 0.72 <0.01
 
 
 
The slopes of the BDOM plots (Table 6.3.) indicated that the stoichiometry varied 
between 156 (± 23):18 (± 6):1 and 357 (± 53):33 (± 9):1 which was not different from ratios 
found for recently produced DOM (Garber 1984, Hopkinson et al. 1997). The overlapping 
standard errors of the C:N:P ratios of DOM and BDOM (Table 6.3.) indicated that they were 
not significantly different, supporting that the slopes of the linear regressions between DOC, 
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DON and DOP can be used as a proxy of BDOM stoichiometry (Hopkinson et al., 2002; 
Álvarez–Salgado et al., 2006). 
This short comparison of different systems suggests that the general trends found in 
Loch Creran and the Ría de Vigo also seem applicable to other marine systems. 
 
 
6.2. Microbial degradation of aromatic amino acids and production of 
humic substances 
 
 
A number of excitation/emission wavelength pairs were used in chapter 4 to 
differentiate between bioavailable and refractory DOC in the Ría de Vigo.  
The protein-like fluorescence has been attributed to freshly released DOM by marine 
organisms (Parlanti et al. 2000), with some studies demonstrating a rapid decrease during  
microbial decomposition (Ferrari & Mingazzini 1995, Yamashita & Tanoue 2004, Wada et al. 
2008 ), while others did not find any decrease but only alterations in the DOM fluorescence 
properties (Moran et al. 2000, Boyd & Osburn 2004). 
The fluorescence of marine humic-like compounds (FDOMm) have been suggested as 
a suitable proxy for refractory DOM, but has also been identified as a by-product of bacterial 
degradation processes (Nieto-Cid et al. 2006, Yamashita et al. 2008).  
This study observed decreases in DOC and FDOMt, with the decreases modelled 
using exponential degradation models. This study found significant linear relationships 
between initial FDOMt and DOC, BDOC and kDOC, suggesting that DOC, BDOC and kDOC 
could be derived directly from the protein-like fluorescence in the Ría de Vigo. It should be 
noted that the obtained relationships are specific for the coastal upwelling area of the Ría de 
Vigo. This experimental approach therefore has to be repeated in the area of interest to 
establish these relations and to differentiate between the very labile and labile fraction. 
Following the DOC and FDOMt decreases an increase in FDOMm was observed 
confirming marine humic-like fluorophores as by products of microbial degradation 
processes. The increase in FDOMm could also be fitted to an exponential model, with the 
rates being linearly related to DOC rate constants. The significant origin intercept in this 
relation showed that 13 ± 4% of DOC not related to FDOMt, was transformed into humic like 
materials instead of being oxidized to CO2. 
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The null hypothesis (H0) for this study (Chapter 4) was that changes in DOC 
bioavailability were not related to changes in the DOM fluorescence signal. As links where 
found between DOC bioavailability and protein-like fluorescence, and between refractory 
DOC with both CDOM and the humic-like fluorescence the null hypothesis can be rejected.  
 The findings of chapter 4 furthermore suggest that the time consuming and labour 
intensive techniques using microbial incubations to estimate labile and refractory DOM 
(Chapter 2 and 3) could, at least in the Ría de Vigo, be replaced by inexpensive and rapid 
fluorescence measurements.  
 
 
6.3. Microbial production of DOM  
 
 
Some studies have indicated that microbes can mediate the conversion of labile DOM 
into less available forms (Iturriaga & Zsolnay 1981, Brophy & Carlson 1989, Tranvik 1993, 
Ogawa et al. 2001, Gruber et al. 2006, Kawasaki & Benner 2006).  
A large fraction of the produced new DOM was degraded again, with a smaller 
fraction forming a refractory pool. The production of refractory DOM could potentially be 
through cell wall compounds such as peptidoglycan which have been shown to resist 
microbial degradation (Kawasaki & Benner 2006) though this needs to be confirmed. The 
stoichiometry of the produced DOM was more N and P rich than for both algae produced 
(Conan et al. 2007) and marine bulk DOM (Benner 2002), and was linearly related with the 
C:N:P ratios of the substrate used. Furthermore this study, in conjugation with previous 
studies, showed that the microbial community is capable of producing DOM with a 
chromophoric signature (CDOM) (Hayase & Shinozuka 1995, Rochelle-Newall & Fisher 
2002, Kramer & Herndl 2004, Nelson et al. 2004).  
The null hypothesis (H0) for this part of the study (Chapter 5) was that marine 
heterotrophic microbial communities are unable to produce DOM from their growth media. 
As a rapid production of DOM from the substrate was found the null hypothesis can be 
rejected.  
These results could have implications for the results obtained in chapters 2 and 3, with 
the conversion of initial bioavailable DOM into more refractory components during the 
incubation. However the impact of these findings is difficult to evaluate as no detectable 
amounts of refractory DOC were formed when labile DOC was added. This lack of 
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measurable effect could be linked with the low amounts of glucose added (10 µmol L-1) in 
these experiments, which makes it difficult to detect differences between the incubations.  
 
 
6.4. Conclusions  
 
 
The main conclusions from this study are:  
 
(1) The bioavailable fraction of DOM controlled the variability of bulk DOM, showing a 
marked seasonal cycle associated to chlorophyll a and nutrients;  
(2) The stoichiometry and rate constants of BDOM suggests temporary fractionation 
during mineralization in the sequence DOP > DON > DOC;  
(3) Both of the investigated areas exported C–rich BDOM to the open sea;  
(4) A relationship between fluorescence intensity and bioavailability of DOC was found 
in the coastal upwelling system of the Ría de Vigo; 
(5) The decrease of protein-like fluorescence intensity during dark incubation can be used 
to derive DOC rate constants; 
(6) Humic-like fluorescence was suggested as a useful indicator of DOM mineralization 
processes;  
(7) Heterotrophic microbial communities can produce absorbing, fluorescent, bioavailable 
and refractory DOM from inorganic nutrients and glucose with the C:N:P of the 
produced DOM depending on the substrate ratios.  
 
 
6.5. Future direction 
 
 
Knowledge of the processes controlling DOM in the marine system has increased 
considerably during the past 20 years but our picture is however, still incomplete. With 
continuous use of new methods many studies have shown that there is still much to be learnt. 
For the future study of DOM dynamics I see the need to investigate the following: 
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- A chemical characterization and understanding of the contributions of HMW and 
LMW-DOM to bioavailable DOM is essential to start identifying which compounds 
control the dynamics. This could be studied using stable isotopes (C, N and O) and by 
separating between HMW and LMW DOM. Furthermore the use of techniques like 
electrospray-ionization mass spectrometry should be applied. These approaches 
combined may provide more information on both the sources and what DOM is 
bioavailable.  
 
- Investigations on algal–bacterial uptake and production of DOM are needed. These 
studies could use the uptake of radioactive (14C and 33P) (Løvdal et al. 2007) and 
stable isotope (13C and 15N ) (Veuger et al. 2004, Veuger & Middelburg 2007) in both 
natural environments and culture studies, to increase our understanding of the 
transport and use of organic C, N and P in aquatic systems.  
 
- The fluorescence of DOM was shown in chapter 4 to be a useful indicator of DOM 
bioavailability in the Ría de Vigo. But there is a need to combine these measurements 
with excitation emission spectra and identify fluorescence functional groups. These 
studies should also investigate the combined effect of UV-light and microbes on 
fluorescence degradation and build up.  
 
- The bacteria mediating the DOM degradation are still more or less treated as a “black 
box”. Currently, most studies either work with bacterial phylogeny or biogeochemical 
processes separately, but there is a growing interest and need in combining DNA tools 
with biogeochemical measurements in order to look inside this black box and 
understand which bacteria are doing what.  
 
 
(Copin-Montégut & Avril 1993, Carlson et al. 1994, Chen et al. 1996, Doval et al. 1999, 
Jørgensen et al. 1999, Pettine et al. 1999, Raymond & Bauer 2000, Becquevort et al. 2002, 
Seitzinger et al. 2002, Aminot & Kérouel 2004, Nausch & Nausch 2004, Rochelle-Newall et 
al. 2004, Hopkinson & Vallino 2005, Davis & Benner 2007, Ducklow et al. 2007, Hung et al. 
2007, Badr et al. 2008, Álvarez-Salgado et al. 2009)
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Appendix 1. Incubation data from Loch Creran 
 
Below is listed the DOM and nutrient data used in chapter 2 in the same time sequence as 
used in this chapter.  
Start date 28-07-2006
Incubation temperature 8°C
Addition: No Addition 
Incubation day PO4 SD DOP SD NO3/NO2 SD NH4 SD DON SD DOC SD
0 0.18 0.01 0.16 0.02 0.23 0.03 2.30 0.10 10.78 0.82 131.29 0.69
5 0.17 0.02 0.08 0.03 1.05 0.01 1.74 0.02 7.10 0.72 103.92 0.18
11 0.26 0.01 0.04 0.05 0.31 0.02 1.21 0.09 4.43 0.31 90.26 0.93
23 0.12 0.01 0.01 0.02 0.32 0.03 1.99 0.84 4.81 0.87 82.86 3.49
54 0.23 0.01 0.01 0.02 2.08 0.17 1.87 0.09 4.53 0.79 82.83 1.04
102 0.23 0.01 0.01 0.02 6.42 0.14 2.13 0.07 4.76 0.74 no data 
150 0.23 0.03 0.02 0.27 4.91 0.05 1.32 0.09 4.24 0.65 83.65 0.81
 
 
Start date 28-07-2006
Incubation temperature 14°C
Addition: No Addition 
Incubation day PO4 SD DOP SD NO3/NO2 SD NH4 SD DON SD DOC SD
0 0.09 0.03 0.16 0.04 0.18 0.02 1.85 0.02 10.16 0.16 131.66 5.56
5 0.09 0.04 0.10 0.10 0.06 0.17 1.68 0.11 7.12 1.14 115.89 10.26
11 0.24 0.02 0.01 0.03 0.34 0.01 1.67 0.26 5.94 0.36 100.15 10.83
23 0.38 0.05 0.01 0.11 0.17 0.07 2.46 0.26 4.77 0.51 89.00 7.18
54 0.36 0.00 0.02 0.03 2.31 0.07 1.30 0.05 4.57 1.41 82.46 0.32
102 0.36 0.03 0.01 0.09 3.50 0.20 1.36 0.08 4.30 0.85 88.93 2.31
150 0.29 0.06 0.01 0.12 7.51 0.01 1.14 0.04 4.72 0.17 82.93 34.91
Start date 28-07-2006
Incubation temperature 14°C
Addition: Carbon and Nitrogen 
Incubation day PO4 SD DOP SD NO3/NO2 SD NH4 SD DON SD DOC SD
0 0.17 0.04 0.18 0.07 12.82 0.08 0.19 0.35 11.16 0.60 246.61 6.19
150 0.19 0.00 0.01 0.09 15.55 0.34 0.82 0.33 4.16 1.40 70.08 3.20
Start date 28-07-2006
Incubation temperature 14°C
Addition: Carbon and Phosphorus
Incubation day PO4 SD DOP SD NO3/NO2 SD NH4 SD DON SD DOC SD
0 1.10 0.10 0.05 0.17 0.23 0.02 2.58 0.18 12.00 2.02 223.77 0.69
150 1.01 0.02 0.37 0.15 8.43 0.05 1.39 0.03 4.99 4.69 76.08 2.03
 
 
Start date 28-07-2006
Incubation temperature 18°C
Addition: No Addition 
Incubation day PO4 SD DOP SD NO3/NO2 SD NH4 SD DON SD DOC SD
0 0.09 0.03 0.16 0.04 0.27 0.02 2.18 0.39 10.46 2.32 129.53 8.64
5 0.13 0.02 0.04 0.02 0.22 0.11 1.84 0.29 8.15 1.31 121.28 3.86
11 0.25 0.03 0.02 0.08 0.31 0.04 1.57 0.16 7.34 0.78 100.09 3.65
23 0.18 0.04 0.01 0.09 0.23 0.04 1.47 0.08 6.69 1.05 95.07 0.09
54 0.17 0.00 0.01 0.01 0.44 0.03 1.97 0.11 5.22 1.58 89.48 2.94
102 0.31 0.03 0.01 0.01 5.71 0.04 1.10 0.35 5.37 1.86 86.03 7.43
150 0.31 0.11 0.01 0.01 4.58 0.12 1.08 0.04 5.25 0.39 82.33 1.71
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Start date 11-08-2006
Incubation temperature 14°C
Addition: No Addition 
Incubation day PO4 SD DOP SD NO3/NO2 SD NH4 SD DON SD DOC SD
0 0.30 0.01 0.14 0.02 0.15 0.01 1.22 0.06 10.44 1.35 132.64 2.52
5 0.31 0.04 0.07 0.04 0.26 0.06 1.31 0.19 7.41 0.54 110.70 2.84
16 0.27 0.01 0.03 0.01 0.09 0.08 1.46 0.28 7.42 0.49 98.71 4.48
23 0.30 0.02 0.01 0.04 0.51 0.08 0.97 0.15 4.99 4.60 83.01 3.52
57 0.28 0.02 0.01 0.02 1.93 0.05 1.29 0.18 4.90 1.33 80.32 1.96
104 0.32 0.04 0.01 0.04 6.30 0.09 1.30 0.08 4.92 0.28 76.37 3.23
152 0.31 0.04 0.02 0.06 5.05 0.09 0.95 0.01 4.85 0.80 73.06 2.19
Start date 11-08-2006
Incubation temperature 14°C
Addition: Carbon and Nitrogen 
Incubation day PO4 SD DOP SD NO3/NO2 SD NH4 SD DON SD DOC SD
0 0.25 0.01 0.19 0.02 7.59 0.13 1.62 0.32 10.42 0.89 249.14 6.66
152 0.19 0.08 0.01 0.01 8.14 0.07 1.03 0.04 4.25 0.44 81.93 6.90
Start date 11-08-2006
Incubation temperature 14°C
Addition: Carbon and Phosphorus
Incubation day PO4 SD DOP SD NO3/NO2 SD NH4 SD DON SD DOC SD
0 2.07 0.05 - - - - - - - - 259.27 1.68
152 2.28 0.07 0.10 0.05 0.79 0.06 5.36 0.06 3.82 0.69 72.90 1.68
 
 
Start date 24-08-2006
Incubation temperature 14°C
Addition: No Addition 
Incubation day PO4 SD DOP SD NO3/NO2 SD NH4 SD DON SD DOC SD
0 0.24 0.00 0.19 0.01 0.02 0.12 1.07 0.05 11.33 1.95 135.06 0.76
5 0.23 0.02 0.09 0.03 0.37 0.05 0.61 0.03 7.61 0.68 113.47 5.93
11 0.23 0.03 0.08 0.04 0.34 0.04 0.87 0.15 5.12 1.39 92.24 6.71
25 0.21 0.01 0.01 0.02 0.70 0.22 0.70 0.08 5.10 1.09 86.64 5.04
43 0.27 0.02 0.01 0.03 1.12 0.00 1.40 0.00 3.82 1.79 82.82 8.56
102 0.19 0.07 0.01 0.08 5.41 0.02 1.38 0.00 4.06 1.13 84.64 3.14
160 0.41 0.01 0.02 0.02 4.09 0.05 0.94 0.21 4.55 0.67 72.94 3.84
Start date 24-08-2006
Incubation temperature 14°C
Addition: Carbon and Nitrogen 
Incubation day PO4 SD DOP SD NO3/NO2 SD NH4 SD DON SD DOC SD
0 0.27 0.03 0.06 0.05 10.51 0.04 0.11 1.05 11.24 3.42 243.58 7.19
160 0.27 0.07 0.04 0.10 10.38 0.33 1.31 0.12 4.29 0.21 77.21 3.49
Start date 24-08-2006
Incubation temperature 14°C
Addition: Carbon and Phosphorus
Incubation day PO4 SD DOP SD NO3/NO2 SD NH4 SD DON SD DOC SD
0 1.72 0.01 0.03 0.05 0.12 1.89 1.01 0.01 11.12 0.66 246.76 6.23
160 1.92 0.82 0.01 0.01 1.14 0.82 1.75 0.36 5.12 1.02 81.48 3.41
 
Start date 08-09-2006
Incubation temperature 8°C
Addition: No Addition 
Incubation day PO4 SD DOP SD NO3/NO2 SD NH4 SD DON SD DOC SD
0 0.30 0.02 0.15 0.03 1.25 0.19 1.29 0.24 10.26 1.44 139.33 2.83
11 0.36 0.03 0.07 0.04 1.33 0.19 1.01 0.11 7.81 0.60 110.61 0.35
27 0.40 0.03 0.06 0.10 1.93 0.02 5.92 0.17 5.40 1.74 98.26 5.52
61 0.52 0.01 0.05 0.06 3.53 0.18 1.20 0.07 4.73 0.49 84.91 1.35
108 0.31 0.02 0.02 0.02 4.00 0.38 2.16 0.80 4.96 1.74 84.29 1.50
150 0.61 0.03 0.02 0.13 4.00 0.38 2.16 0.76 no dat a 5.71 85.96 1.50
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Start date 08-09-2006
Incubation temperature 14°C
Addition: No Addition 
Incubation day PO4 SD DOP SD NO3/NO2 SD NH4 SD DON SD DOC SD
0 0.25 0.01 0.19 0.03 1.17 0.15 0.97 0.22 10.54 1.10 138.40 0.74
11 0.41 0.05 0.06 0.09 0.18 0.01 1.97 0.24 7.26 0.55 105.31 3.15
27 0.26 0.03 0.01 0.15 1.96 0.00 1.36 0.10 5.05 0.18 87.65 2.20
61 0.32 0.04 0.01 0.06 3.00 0.13 0.86 0.02 4.36 0.95 90.89 0.24
108 0.31 0.04 0.02 0.14 13.56 0.15 2.77 0.12 4.02 0.33 83.51 2.85
150 0.49 0.01 0.02 3.91 0.04 0.93 0.00 4.13 0.84 85.36 2.96
Start date 08-09-2006
Incubation temperature 14°C
Addition: Carbon and Nitrogen 
Incubation day PO4 SD DOP SD NO3/NO2 SD NH4 SD DON SD DOC SD
0 0.32 0.02 0.18 0.05 12.09 1.32 1.11 0.06 10.97 1.64 262.77 4.85
150 0.48 0.02 0.01 0.05 14.10 8.81 1.49 0.31 6.54 1.46 80.66 7.93
Start date 08-09-2006
Incubation temperature 14°C
Addition: Carbon and Phosphorus
Incubation day PO4 SD DOP SD NO3/NO2 SD NH4 SD DON SD DOC SD
0 1.18 0.19 0.05 0.02 1.37 0.32 0.12 0.69 9.57 1.01 264.39 5.24
150 1.18 0.02 0.03 0.06 4.72 0.90 2.44 0.28 4.15 1.82 95.93 3.36
 
 
Start date 08-09-2006
Incubation temperature 18°C
Addition: No Addition 
Incubation day PO4 SD DOP SD NO3/NO2 SD NH4 SD DON SD DOC SD
0 0.31 0.03 0.17 0.05 1.28 0.21 1.10 0.13 10.81 1.40 139.79 10.39
11 0.40 0.04 0.08 0.06 1.15 0.28 0.62 0.09 5.99 0.97 101.48 5.16
27 0.43 0.02 0.02 0.12 1.94 0.00 1.10 0.07 4.91 0.34 84.02 1.82
61 0.57 0.03 0.03 0.08 2.20 0.02 0.82 0.02 4.97 0.43 83.14 2.16
108 0.61 0.02 0.04 0.21 5.01 0.48 1.13 0.16 4.69 1.00 88.55 0.27
150 0.47 0.01 no dat a 4.07 0.39 1.51 0.06 4.54 1.38 86.67 3.11
 
 
Start date 04-10-2006
Incubation temperature 14°C
Addition: No Addition 
Incubation day PO4 SD DOP SD NO3/NO2 SD NH4 SD DON SD DOC SD
0 0.50 0.02 0.10 0.03 1.99 0.04 1.11 0.04 10.52 1.40 112.31 0.70
6 0.23 0.01 0.08 0.12 1.99 0.01 1.19 0.06 7.14 0.98 97.07 1.39
12 0.63 0.02 0.01 0.10 2.02 0.06 1.31 0.23 7.00 1.20 91.89 4.30
20 0.67 0.04 0.01 0.07 2.01 0.09 1.86 0.40 5.26 0.63 86.78 0.33
51 0.33 0.03 0.00 0.06 3.46 0.04 0.88 0.01 4.78 1.14 74.00 4.79
102 0.65 0.09 0.01 0.11 4.11 0.05 1.12 0.01 4.87 0.09 72.73 2.79
156 0.39 0.00 0.01 0.06 7.32 0.96 1.38 0.28 4.67 1.98 72.98 1.67
Start date 04-10-2006
Incubation temperature 14°C
Addition: Carbon and Nitrogen 
Incubation day PO4 SD DOP SD NO3/NO2 SD NH4 SD DON SD DOC SD
0 0.62 0.02 0.04 0.18 11.99 0.02 1.46 0.12 11.87 0.38 235.69 5.56
156 0.47 0.01 0.02 0.06 14.12 9.00 1.58 0.06 4.33 0.85 77.83 3.88
Start date 04-10-2006
Incubation temperature 14°C
Addition: Carbon and Phosphorus
Incubation day PO4 SD DOP SD NO3/NO2 SD NH4 SD DON SD DOC SD
0 1.61 0.02 - - 2.00 0.01 1.63 0.16 10.11 0.98 262.81 1.58
156 1.40 0.03 0.07 0.03 5.50 0.85 1.47 0.26 4.57 0.85 77.87 2.25
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Start date 17-10-2006
Incubation temperature 14°C
Addition: No Addition 
Incubation day PO4 SD DOP SD NO3/NO2 SD NH4 SD DON SD DOC SD
0 0.64 0.01 0.11 0.01 1.11 0.00 1.39 0.00 11.02 1.09 122.52 4.80
7 0.55 0.03 0.08 0.07 1.10 0.00 1.39 0.00 6.78 0.90 114.95 5.12
13 0.64 0.09 0.03 0.13 1.11 0.00 1.40 0.00 9.75 0.71 80.65 6.94
24 0.58 0.04 0.01 0.07 3.40 0.11 0.88 0.00 5.28 1.11 no dat a 0.07
50 0.31 0.01 0.01 0.04 3.74 0.01 0.87 0.01 4.60 0.24 83.23 1.99
105 0.51 0.03 0.01 0.04 8.78 0.20 1.02 0.02 4.61 0.29 76.76 1.32
150 0.53 0.01 0.01 0.02 9.28 0.09 1.31 0.12 4.00 2.61 78.30 1.03
Start date 17-10-2006
Incubation temperature 14°C
Addition: Carbon and Nitrogen 
Incubation day PO4 SD DOP SD NO3/NO2 SD NH4 SD DON SD DOC SD
0 0.75 0.03 0.18 0.09 11.98 0.04 1.21 0.14 10.56 0.97 243.40 1.84
150 0.67 0.13 0.02 0.05 12.78 0.85 1.27 0.33 4.83 1.18 79.56 3.12
Start date 17-10-2006
Incubation temperature 14°C
Addition: Carbon and Phosphorus
Incubation day PO4 SD DOP SD NO3/NO2 SD NH4 SD DON SD DOC SD
0 2.08 0.02 0.12 0.05 1.13 0.02 1.40 0.00 11.20 3.77 248.80 1.65
150 2.08 0.05 0.01 0.05 2.97 0.13 1.49 0.02 4.90 0.61 78.42 9.72
 
 
Start date 11-12-2006
Incubation temperature 14
Addition: No Addition 
Incubation day PO4 SD DOP SD NO3/NO2 SD NH4 SD DON SD DOC SD
0 0.77 0.02 0.12 0.04 4.43 0.09 0.87 0.06 6.37 0.20 107.87 5.20
4 0.86 0.03 0.09 0.08 2.70 0.56 1.86 0.13 4.95 1.84 100.54 2.27
30 0.67 0.03 0.04 0.10 6.17 0.09 0.91 0.09 4.52 1.90 100.42 4.88
70 0.55 0.01 0.02 0.03 10.72 0.57 0.91 0.01 4.57 0.81 91.26 3.69
103 0.67 0.03 0.02 0.10 10.01 0.60 1.93 0.29 4.29 2.25 92.84 1.20
161 0.64 0.01 0.02 0.05 10.28 0.11 1.33 0.19 4.62 0.48 88.82 1.73
Start date 11-12-2006
Incubation temperature 14°C
Addition: Carbon and Nitrogen 
Incubation day PO4 SD DOP SD NO3/NO2 SD NH4 SD DON SD DOC SD
0 0.88 0.03 0.12 0.25 9.73 0.15 1.19 0.01 8.23 0.18 211.87 5.52
161 0.61 0.01 0.00 0.01 10.30 0.05 1.34 0.05 3.75 0.89 87.81 2.04
Start date 11-12-2006
Incubation temperature 14°C
Addition: Carbon and Phosphorus
Incubation day PO4 SD DOP SD NO3/NO2 SD NH4 SD DON SD DOC SD
0 1.73 0.02 0.11 0.06 4.60 0.08 0.99 0.01 6.47 2.15 218.73 5.45
161 1.73 0.03 0.05 0.03 4.66 0.91 1.69 0.05 4.03 0.96 88.33 2.90
 
 
Start date 16-01-2007
Incubation temperature 8
Addition: No Addition 
Incubation day PO4 SD DOP SD NO3/NO2 SD NH4 SD DON SD DOC SD
0 0.58 0.05 0.09 0.09 2.86 0.08 1.22 0.05 7.52 2.60 107.85 4.26
11 0.51 0.06 0.04 0.08 3.07 0.22 1.16 0.00 7.11 1.94 100.32 7.82
41 0.52 0.02 0.03 0.05 7.37 0.04 1.69 0.18 6.46 0.23 93.19 0.94
85 0.59 0.10 0.03 0.16 7.40 0.25 1.08 0.58 4.98 0.94 88.15 2.40
151 0.68 0.07 0.00 0.11 9.71 0.12 1.26 0.03 5.13 0.54 85.08 3.48
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Start date 16-01-2007
Incubation temperature 14
Addition: No Addition 
Incubation day PO4 SD DOP SD NO3/NO2 SD NH4 SD DON SD DOC SD
0 0.55 0.00 0.09 0.01 2.87 0.08 1.16 0.02 7.94 1.52 103.46 9.02
11 0.61 0.01 0.04 0.01 3.01 0.05 1.15 0.00 7.01 0.37 91.89 4.33
41 0.58 0.04 0.01 0.07 12.46 0.08 3.34 0.03 5.05 0.89 90.54 0.91
85 0.59 0.01 0.01 0.02 16.80 0.27 1.51 0.22 5.07 3.19 84.87 1.54
151 0.60 0.14 0.01 0.15 23.93 0.12 0.88 0.23 5.30 1.26 82.06 1.62
Start date 16-01-2007
Incubation temperature 14°C
Addition: Carbon and Nitrogen 
Incubation day PO4 SD DOP SD NO3/NO2 SD NH4 SD DON SD DOC SD
0 0.53 0.01 0.08 0.03 14.22 0.28 1.25 0.02 8.29 0.65 220.81 11.15
151 - - - - 10.95 0.08 5.03 0.02 5.97 0.72 77.90 2.68
Start date 16-01-2007
Incubation temperature 14°C
Addition: Carbon and Phosphorus
Incubation day PO4 SD DOP SD NO3/NO2 SD NH4 SD DON SD DOC SD
0 1.12 0.01 0.06 0.04 2.69 0.02 1.09 0.00 7.22 0.46 225.10 5.86
151 - - - - 2.85 0.10 0.52 0.09 3.82 1.40 76.95 1.81
 
 
Start date 16-01-2007
Incubation temperature 18
Addition: No Addition 
Incubation day PO4 SD DOP SD NO3/NO2 SD NH4 SD DON SD DOC SD
0 0.69 0.03 0.08 0.05 2.86 0.03 1.26 0.02 7.91 0.77 102.18 2.18
11 0.68 0.02 0.03 0.05 2.97 0.01 1.23 0.00 5.96 1.27 90.85 2.55
41 0.64 0.02 0.03 0.16 9.79 0.11 0.84 0.07 5.03 4.34 89.69 1.70
85 0.54 0.02 0.02 0.09 7.30 0.19 0.84 0.07 5.05 1.64 85.34 6.14
151 0.54 0.05 0.02 0.06 9.85 0.12 1.04 0.03 4.94 1.46 84.51 4.89
 
 
Start date 08-02-2007
Incubation temperature 14
Addition: No Addition 
Incubation day PO4 SD DOP SD NO3/NO2 SD NH4 SD DON SD DOC SD
0 0.58 0.01 0.08 0.01 6.55 0.08 1.20 0.03 6.96 0.60 81.72 3.90
10 0.57 0.01 0.06 0.04 10.02 0.16 2.02 0.00 5.85 2.08 81.60 5.94
26 0.85 0.06 0.03 0.10 10.77 0.07 1.55 0.04 5.93 0.32 80.05 3.62
63 0.41 0.09 0.03 0.01 8.12 0.61 1.87 0.33 6.00 2.75 76.97 2.51
156 0.46 0.02 0.03 0.02 8.92 0.25 0.99 0.13 4.80 1.63 75.17 2.28
Start date 08-02-2007
Incubation temperature 14°C
Addition: Carbon and Nitrogen 
Incubation day PO4 SD DOP SD NO3/NO2 SD NH4 SD DON SD DOC SD
0 0.60 0.01 0.09 0.05 17.40 0.05 1.35 0.00 6.99 0.33 208.10 1.17
156 0.45 0.03 0.08 0.04 16.80 0.58 1.43 0.37 4.26 2.05 76.38 1.48
Start date 08-02-2007
Incubation temperature 14°C
Addition: Carbon and Phosphorus
Incubation day PO4 SD DOP SD NO3/NO2 SD NH4 SD DON SD DOC SD
0 1.42 0.03 0.07 0.04 9.83 0.08 1.40 0.03 7.01 0.23 204.56 5.69
156 1.44 0.24 0.02 0.03 9.13 0.05 0.90 0.21 3.99 0.26 80.71 0.70
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Start date 22-02-2007
Incubation temperature 14
Addition: No Addition 
Incubation day PO4 SD DOP SD NO3/NO2 SD NH4 SD DON SD DOC SD
0 0.86 0.03 0.09 0.04 7.79 0.13 1.32 0.02 7.58 2.25 98.47 2.07
10 0.94 0.05 0.04 0.13 10.32 0.26 1.49 0.02 7.10 1.92 91.00 16.74
49 0.95 0.01 0.02 0.15 7.39 0.19 1.48 0.51 5.89 2.43 76.94 4.22
74 0.93 0.06 0.02 0.15 7.33 0.68 2.06 0.24 5.36 1.68 73.64 0.20
154 0.90 0.05 0.02 0.10 10.18 0.26 1.09 0.02 5.66 1.12 74.12 5.69
Start date 22-02-2007
Incubation temperature 14°C
Addition: Carbon and Nitrogen 
Incubation day PO4 SD DOP SD NO3/NO2 SD NH4 SD DON SD DOC SD
0 0.89 0.08 0.09 0.23 19.08 0.16 1.53 0.11 - - 230.88 6.19
154 0.90 0.01 0.02 0.02 18.97 1.55 1.10 0.37 - - 72.08 3.45
Start date 22-02-2007
Incubation temperature 14°C
Addition: Carbon and Phosphorus
Incubation day PO4 SD DOP SD NO3/NO2 SD NH4 SD DON SD DOC SD
0 1.76 0.04 0.09 0.09 9.93 0.98 1.55 0.12 8.18 3.41 233.46 3.59
154 1.92 0.02 0.08 0.02 8.45 0.86 1.58 0.01 5.43 0.86 67.18 2.18
 
 
Start date 20-03-2007
Incubation temperature 14
Addition: No Addition 
Incubation day PO4 SD DOP SD NO3/NO2 SD NH4 SD DON SD DOC SD
0 0.47 0.01 0.12 0.05 6.70 0.10 1.30 0.06 7.28 2.16 110.97 0.37
10 0.46 0.01 0.04 0.07 10.71 0.27 2.76 0.07 6.40 1.27 95.19 2.49
23 0.49 0.02 0.01 0.12 9.05 0.33 2.52 0.04 5.65 0.74 91.31 3.77
48 no da ta no da ta 8.44 0.26 2.60 0.28 5.18 1.60 88.57 1.80
98 0.57 0.00 0.01 0.03 9.38 0.18 2.17 0.45 4.68 1.00 80.95 1.23
156 0.85 0.01 0.02 0.03 11.71 0.04 0.96 0.61 4.81 1.72 79.41 4.63
Start date 20-03-2007
Incubation temperature 14°C
Addition: Carbon and Nitrogen 
Incubation day PO4 SD DOP SD NO3/NO2 SD NH4 SD DON SD DOC SD
0 - - - - - - - - - - - -
156 - - - - - - - - - - - -
Start date 20-03-2007
Incubation temperature 14°C
Addition: Carbon and Phosphorus
Incubation day PO4 SD DOP SD NO3/NO2 SD NH4 SD DON SD DOC SD
0 - - - - - - - - - - - -
156 - - - - - - - - - - - -
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Start date 11-04-2007
Incubation temperature 14
Addition: No Addition 
Incubation day PO4 SD DOP SD NO3/NO2 SD NH4 SD DON SD DOC SD
0 0.37 0.00 0.19 0.00 0.38 0.09 1.68 0.06 11.63 0.73 155.27 5.26
16 0.39 0.02 0.05 0.06 0.46 0.01 2.15 0.07 6.24 0.89 107.38 7.34
25 0.40 0.03 0.03 0.01 1.42 0.13 2.95 0.13 5.98 0.70 86.86 1.67
46 no da ta no da ta 1.22 0.24 2.51 0.16 5.29 1.25 78.77 6.42
75 0.55 0.05 0.01 0.05 2.18 1.12 2.20 0.29 4.64 1.67 78.94 0.19
167 0.56 0.04 0.01 0.04 6.94 0.01 1.33 0.02 4.88 0.12 81.19 5.38
Start date 11-04-2007
Incubation temperature 14°C
Addition: Carbon and Nitrogen 
Incubation day PO4 SD DOP SD NO3/NO2 SD NH4 SD DON SD DOC SD
0 0.38 0.00 0.24 0.04 13.64 0.40 1.92 0.11 11.01 2.79 262.93 5.37
167 0.45 0.05 0.01 0.07 13.29 0.12 1.81 1.06 3.80 1.18 74.91 4.25
Start date 11-04-2007
Incubation temperature 14°C
Addition: Carbon and Phosphorus
Incubation day PO4 SD DOP SD NO3/NO2 SD NH4 SD DON SD DOC SD
0 0.91 0.02 0.24 0.04 0.03 0.04 1.95 0.09 10.46 1.69 269.64 5.40
167 0.93 0.05 0.09 0.10 0.51 0.04 3.25 0.58 4.10 0.62 76.18 2.93
 
 
Start date 16-05-2007
Incubation temperature 8
Addition: No Addition 
Incubation day PO4 SD DOP SD NO3/NO2 SD NH4 SD DON SD DOC SD
0 0.56 0.11 0.11 0.16 0.67 0.05 2.79 0.02 10.75 0.84 128.29 12.19
11 0.43 0.07 0.03 0.11 0.08 0.02 1.38 0.18 7.95 2.38 109.08 4.37
23 0.58 0.07 0.01 0.19 0.12 0.02 2.69 0.16 5.90 1.91 95.50 6.37
40 0.50 0.17 0.02 0.21 0.09 0.01 4.28 0.66 4.34 0.82 84.90 2.22
168 0.59 0.09 0.02 0.72 5.38 0.72 1.73 0.70 4.20 1.93 80.78 2.43
 
 
Start date 16-05-2007
Incubation temperature 14
Addition: No Addition 
Incubation day PO4 SD DOP SD NO3/NO2 SD NH4 SD DON SD DOC SD
0 0.56 0.02 0.11 0.03 0.68 0.03 1.67 0.03 11.02 0.33 128.85 2.21
11 0.56 0.02 0.07 0.03 0.08 0.01 1.44 0.07 6.54 2.00 105.64 3.39
23 0.34 0.05 0.01 0.08 2.46 0.02 2.82 0.83 6.93 0.95 88.35 3.27
40 0.54 0.01 0.01 0.05 2.71 0.04 3.39 0.15 4.60 1.23 83.59 2.88
168 0.59 0.06 0.01 0.08 4.35 0.94 1.47 0.01 4.88 1.06 79.08 0.57
Start date 16-05-2007
Incubation temperature 14°C
Addition: Carbon and Nitrogen 
Incubation day PO4 SD DOP SD NO3/NO2 SD NH4 SD DON SD DOC SD
0 - - - - 11.07 0.26 3.61 0.47 10.43 1.61 210.20 8.57
168 0.67 0.02 0.01 0.02 12.22 0.10 1.23 0.27 4.54 1.26 79.38 0.96
Start date 16-05-2007
Incubation temperature 14°C
Addition: Carbon and Phosphorus
Incubation day PO4 SD DOP SD NO3/NO2 SD NH4 SD DON SD DOC SD
0 - - - - 0.30 0.02 1.58 0.16 10.15 2.18 226.46 3.60
168 1.55 0.29 0.06 0.07 1.52 0.07 2.68 0.19 4.42 0.79 84.68 8.25
 
 
Start date 16-05-2007
Incubation temperature 18
Addition: No Addition 
Incubation day PO4 SD DOP SD NO3/NO2 SD NH4 SD DON SD DOC SD
0 0.56 0.11 0.11 0.16 0.94 0.01 3.00 0.05 10.46 2.92 128.47 12.22
11 0.69 0.01 0.03 0.07 1.02 0.01 1.86 0.26 6.14 1.50 101.04 0.68
23 0.66 0.25 0.05 0.35 0.76 0.10 2.42 0.12 4.22 1.07 86.34 1.84
40 0.34 0.11 0.01 0.11 0.26 0.22 4.32 0.08 4.73 0.96 79.81 2.97
168 0.58 0.06 0.01 0.73 5.98 0.14 0.87 0.02 4.53 0.75 79.44 2.61
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Appendix 2. Incubation data from Ría de Vigo 
 
Below is listed the DOM and nutrient data used in chapter 3 and 4 in the same time sequence 
as used in the chapters.  
 
Start Date 20-09-2007
Addtion: No additon 
Incubation day PO4 SD DOP SD NO3 SD NO2 SD NH4 SD DON SD DOC SD
0 0.19 0.01 0.32 0.02 0.14 0.01 0.19 0.00 3.67 0.34 7.16 0.74 93.77 1.36
4 0.30 0.02 0.10 0.09 0.49 0.12 0.13 0.18 2.57 0.01 4.37 0.50 67.32 1.00
12 0.33 0.04 0.09 0.09 0.45 0.02 0.24 0.09 2.30 0.09 3.58 0.36 71.88 0.32
53 0.37 0.04 0.08 0.07 0.48 0.11 2.76 0.01 4.55 0.74 3.56 0.96 65.17 1.50
Start Date 20-09-2007
Addtion: Carbon and Nitrogen
Incubation day PO4 SD DOP SD NO3 SD NO2 SD NH4 SD DON SD DOC SD
0 0.20 0.04 - - 7.27 0.08 0.27 0.07 2.55 0.99 7.92 1.69 124.00 3.72
53 0.34 0.04 - - 6.62 0.78 4.56 0.31 1.17 1.11 2.36 3.46 67.41 7.02
 
 
Start Date 27-09-2007
Addtion: No additon 
Incubation day PO4 SD DOP SD NO3 SD NO2 SD NH4 SD DON SD DOC SD
0 0.65 0.00 0.20 0.03 5.28 0.01 0.46 0.01 5.23 0.02 5.53 0.38 78.80 0.75
4 0.71 0.01 0.12 0.03 4.32 0.03 0.46 0.05 5.34 0.06 4.07 0.49 69.41 2.34
12 0.74 0.00 0.09 0.02 4.45 0.08 0.57 0.04 5.49 0.12 3.37 0.78 62.26 0.94
53 0.68 0.01 0.10 0.02 10.08 0.24 0.11 0.05 0.67 0.03 3.30 2.31 63.36 0.01
Start Date 27-09-2007
Addtion: Carbon and Nitrogen
Incubation day PO4 SD DOP SD NO3 SD NO2 SD NH4 SD DON SD DOC SD
0 0.69 0.01 - - 12.68 0.02 0.45 0.00 4.48 0.04 5.40 0.12 96.52 2.13
53 0.64 0.03 - - 17.24 0.29 0.03 0.01 0.48 0.42 2.26 1.20 61.95 2.86
 
 
Start Date 04-10-2007
Addtion: No additon 
Incubation day PO4 SD DOP SD NO3 SD NO2 SD NH4 SD DON SD DOC SD
0 0.60 0.02 0.19 0.04 9.09 0.02 0.56 0.01 2.81 0.11 5.48 0.31 74.80 0.11
4 0.63 0.02 0.11 0.02 9.32 0.04 0.56 0.02 2.82 0.11 4.17 0.39 69.66 2.01
12 0.63 0.00 0.09 0.04 9.19 0.01 0.72 0.18 3.03 0.24 3.50 0.66 63.58 0.38
53 0.61 0.03 0.08 0.03 13.15 0.05 0.03 0.02 0.53 0.04 3.50 1.18 63.26 0.39
Start Date 04-10-2007
Addtion: Carbon and Nitrogen
Incubation day PO4 SD DOP SD NO3 SD NO2 SD NH4 SD DON SD DOC SD
0 0.57 0.01 - - 17.04 0.35 0.55 0.04 2.80 0.13 5.88 0.86 100.68 1.62
53 0.58 0.01 - - 18.86 0.19 0.02 0.00 0.19 0.10 3.32 0.55 65.20 6.30
 
 
Start Date 31-01-2008
Addtion: No additon 
Incubation day PO4 SD DOP SD NO3 SD NO2 SD NH4 SD DON SD DOC SD
0 0.47 0.00 0.19 0.00 6.78 0.02 0.41 0.05 2.11 0.09 5.20 0.35 75.41 0.92
4 0.58 0.02 0.11 0.07 6.52 0.09 0.44 0.01 2.44 0.67 4.23 0.76 72.55 0.71
12 0.50 0.04 0.08 0.08 6.65 0.01 0.56 0.01 1.96 0.02 3.66 0.66 68.76 0.26
53 0.42 0.01 0.08 0.05 9.67 0.28 0.05 0.10 0.98 0.32 3.48 0.27 66.62 0.22
Start Date 31-01-2008
Addtion: Carbon and Nitrogen
Incubation day PO4 SD DOP SD NO3 SD NO2 SD NH4 SD DON SD DOC SD
0 0.49 0.08 - - 14.29 0.50 0.40 0.02 2.09 0.44 5.37 1.48 110.35 10.06
53 0.40 - - - 17.72 - 0.19 - 1.57 - 2.41 - 68.16 2.00
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Start Date 07-02-2008
Addtion: No additon 
Incubation day PO4 SD DOP SD NO3 SD NO2 SD NH4 SD DON SD DOC SD
0 0.57 0.01 0.24 0.02 7.00 0.02 0.53 0.01 3.18 0.08 5.40 0.61 77.32 0.81
4 0.58 0.01 0.10 0.05 6.92 0.03 0.48 0.12 3.35 0.40 4.39 0.75 72.51 0.10
12 0.70 0.30 0.03 0.46 8.92 0.47 0.56 0.01 3.88 0.78 3.93 1.53 71.39 1.30
53 0.64 0.01 0.03 0.02 11.65 0.01 0.03 0.01 0.55 0.05 3.68 0.18 70.04 0.24
Start Date 07-02-2008
Addtion: Carbon and Nitrogen
Incubation day PO4 SD DOP SD NO3 SD NO2 SD NH4 SD DON SD DOC SD
0 0.25 0.00 - - 13.52 0.03 0.78 0.31 0.62 0.14 6.74 0.22 115.28 5.18
53 0.62 0.12 - - 18.89 0.54 0.15 0.10 0.41 0.20 2.90 1.38 71.00 1.81
 
Start Date 14-02-2008
Addtion: No additon 
Incubation day PO4 SD DOP SD NO3 SD NO2 SD NH4 SD DON SD DOC SD
0 0.43 0.01 0.12 0.02 5.77 0.00 0.33 0.00 2.62 0.11 4.91 0.34 72.80 1.57
4 0.45 0.06 0.09 0.11 5.82 0.15 0.36 0.01 2.94 0.53 3.66 1.04 67.09 0.66
12 0.43 0.05 0.07 0.14 5.86 0.05 0.70 0.03 2.15 0.06 3.31 0.46 63.97 1.22
53 0.51 0.02 0.07 0.02 8.97 0.08 0.49 0.01 1.41 0.09 3.20 0.97 0.14 0.14
Start Date 14-02-2008
Addtion: Carbon and Nitrogen
Incubation day PO4 SD DOP SD NO3 SD NO2 SD NH4 SD DON SD DOC SD
0 0.46 0.01 - - 13.74 0.03 0.34 0.01 2.60 0.23 4.31 1.27 113.06 3.87
53 0.46 0.01 - - 16.46 0.35 0.48 0.24 1.02 0.13 3.86 1.84 73.10 3.04
 
 
Start Date 17-04-2008
Addtion: No additon 
Incubation day PO4 SD DOP SD NO3 SD NO2 SD NH4 SD DON SD DOC SD
0 0.06 0.02 0.19 0.04 0.00 0.00 0.05 0.03 1.87 0.31 5.73 0.50 80.87 0.69
4 0.14 0.01 0.08 0.01 0.19 0.04 0.04 0.01 1.56 0.57 3.59 1.13 74.34 1.80
12 0.20 0.01 0.04 0.04 0.00 0.00 0.12 0.07 0.98 0.19 4.28 0.61 68.56 0.61
53 0.22 0.01 0.05 0.01 0.40 0.10 1.13 0.13 0.86 0.17 3.57 0.58 68.22 0.51
Start Date 17-04-2008
Addtion: Carbon and Nitrogen
Incubation day PO4 SD DOP SD NO3 SD NO2 SD NH4 SD DON SD DOC SD
0 0.06 0.03 - - 6.40 0.08 0.00 0.00 0.69 0.35 5.98 0.85 112.16 2.33
53 0.14 0.03 - - 0.36 0.08 0.13 0.05 6.03 0.71 4.72 1.07 71.34 1.30
 
 
Start Date 24-04-2008
Addtion: No additon 
Incubation day PO4 SD DOP SD NO3 SD NO2 SD NH4 SD DON SD DOC SD
0 0.02 0.01 0.16 0.03 3.94 0.07 0.12 0.00 2.43 0.13 6.08 0.24 84.68 0.98
4 0.04 0.01 0.12 0.02 4.07 0.09 0.15 0.02 3.21 0.98 4.34 1.58 77.93 0.05
12 0.10 0.00 0.07 0.00 4.15 0.06 0.20 0.08 3.70 0.63 3.78 1.10 74.87 0.80
53 0.12 0.02 0.06 0.05 4.16 0.10 0.84 0.25 2.76 0.03 3.57 0.46 74.25 0.40
Start Date 24-04-2008
Addtion: Carbon and Nitrogen
Incubation day PO4 SD DOP SD NO3 SD NO2 SD NH4 SD DON SD DOC SD
0 0.05 0.03 - - 11.19 0.01 0.14 0.03 2.02 0.56 6.89 0.91 115.19 5.11
53 0.20 0.05 - - 7.25 0.40 0.08 0.07 5.22 0.64 4.43 1.29 82.84 1.86
 
 
Start Date 26-06-2008
Addtion: No additon 
Incubation day PO4 SD DOP SD NO3 SD NO2 SD NH4 SD DON SD DOC SD
0 0.28 0.01 No data 0.22 0.00 0.07 0.00 0.65 0.29 6.13 0.48 87.90 1.62
4 0.31 0.03 0.87 0.02 0.09 0.01 1.75 0.37 4.20 0.69 75.34 0.16
12 0.32 0.00 0.20 0.01 0.07 0.00 3.40 0.84 3.58 0.91 70.21 0.48
70 0.36 0.00 2.23 0.01 1.85 0.03 1.00 0.14 3.62 0.50 71.02 0.81
Start Date 26-06-2008
Addtion: Carbon and Nitrogen
Incubation day PO4 SD DOP SD NO3 SD NO2 SD NH4 SD DON SD DOC SD
0 0.26 0.01 - - 6.80 0.01 0.05 0.00 2.03 1.57 6.92 1.85 94.88 0.14
70 0.28 0.02 - - 0.42 0.40 6.47 0.41 1.28 0.78 2.04 0.09 77.82 1.61
 
Appendices 
 
 
 
 
Start Date 03-07-2008
Addtion: No additon 
Incubation day PO4 SD DOP SD NO3 SD NO2 SD NH4 SD DON SD DOC SD
0 0.02 0.01 0.20 0.03 0.05 0.01 0.02 0.01 1.23 0.16 5.52 0.44 82.54 0.43
4 0.05 0.00 0.16 0.01 0.03 0.01 0.03 0.01 2.16 0.61 3.95 1.04 73.60 0.60
12 0.05 0.01 0.11 0.01 0.00 0.01 0.01 0.01 3.68 0.72 3.69 1.34 72.11 1.00
70 0.09 0.01 0.09 0.02 1.15 0.11 2.01 0.02 1.51 0.02 3.49 0.82 68.39 0.02
Start Date 03-07-2008
Addtion: Carbon and Nitrogen
Incubation day PO4 SD DOP SD NO3 SD NO2 SD NH4 SD DON SD DOC SD
0 0.03 0.01 - - - - 0.01 0.00 1.26 0.12 - - 91.74 0.40
70 0.07 0.01 - - 2.58 0.16 3.63 0.31 3.44 0.19 3.32 2.37 71.34 1.56
 
 
Start Date 10-07-2008
Addtion: No additon 
Incubation day PO4 SD DOP SD NO3 SD NO2 SD NH4 SD DON SD DOC SD
0 0.38 0.01 0.23 0.03 0.70 0.02 0.10 0.00 2.87 0.07 5.37 0.55 90.92 0.79
4 0.39 0.00 0.16 0.02 1.60 0.54 0.10 0.00 2.84 0.41 3.74 1.32 77.70 0.18
12 0.39 0.00 0.08 0.03 2.27 0.01 0.12 0.02 3.54 0.52 3.48 0.64 69.68 0.24
70 0.49 0.00 0.06 0.01 1.85 0.08 2.84 0.07 0.67 0.01 3.30 0.25 71.12 0.48
Start Date 10-07-2008
Addtion: Carbon and Nitrogen
Incubation day PO4 SD DOP SD NO3 SD NO2 SD NH4 SD DON SD DOC SD
0 0.37 0.00 - - 2.36 0.05 0.09 0.00 2.54 0.54 7.29 1.11 115.89 0.24
70 0.43 0.01 - - 2.52 0.56 4.69 0.21 0.68 0.12 4.39 2.02 76.43 3.04
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Appendix 3. Fluorescence and bacterial production data from the incubations in 
the Ría de Vigo 
 
Below is listed the fluorescence DOM and bacterial production obtained during the incubation 
experiments described in chapter 4 of this thesis.   
 
FDOMa - General humic compounds (ppb QS) 
FDOMc - Terrestrial humic substances (ppb QS) 
FDOMm - Marine humic substances (ppb QS) 
FDOMt - Aromatic amino acids (ppb Trp) 
CDOM- CDOM absorption at 350 nm  
BP- Bacterial production (µg C L-1day-1) 
 
Start Date 20-09-2007
Addtion: No additon 
Incubation day FDOMt SD FDOMm SD FDOMa SD FDOMc SD CDOM SD BP SD
0 15.86 0.24 6.21 0.08 0.92 0.02 1.97 0.02 0.38 0.04 1.97 0.16
1 12.07 0.24 6.74 0.08 0.92 0.02 2.02 0.02 - - - -
2 11.34 0.14 7.14 0.07 0.93 0.00 2.01 0.04 - - - -
4 10.42 0.12 7.18 0.07 0.95 0.02 2.08 0.03 0.38 0.03 0.63 0.08
12 9.40 0.12 7.40 0.28 0.93 0.03 2.09 0.07 0.41 0.02 0.37 0.13
50 9.00 0.11 8.84 0.18 1.08 0.02 2.07 0.09 0.36 0.04 0.05 0.05
 
 
Start Date 27-09-2007
Addtion: No additon 
Incubation day FDOMt SD FDOMm SD FDOMa SD FDOMc SD CDOM SD BP SD
0 10.78 0.30 5.20 0.21 0.75 0.02 1.54 0.10 0.26 0.03 0.78 0.18
1 10.73 0.37 5.64 0.09 0.74 0.02 1.65 0.03 - - - -
2 9.37 0.08 5.87 0.11 0.74 0.01 1.69 0.03 - - - -
4 7.92 0.25 5.90 0.05 0.71 0.01 1.63 0.01 0.26 0.02 0.42 0.12
12 7.68 0.04 6.05 0.12 0.72 0.01 1.64 0.04 0.28 0.01 0.26 0.13
50 7.68 0.58 7.44 0.19 0.72 0.02 1.58 0.08 0.27 0.03 0.06 0.04
 
 
Start Date 04-10-2007
Addtion: No additon 
Incubation day FDOMt SD FDOMm SD FDOMa SD FDOMc SD CDOM SD BP SD
0 10.15 0.11 4.05 0.28 0.62 0.01 1.17 0.04 0.25 0.01 0.71 0.19
1 9.54 0.25 4.05 0.12 0.52 0.03 1.14 0.02 - - - -
2 9.15 0.36 4.12 0.08 0.54 0.01 1.19 0.01 - - - -
4 8.95 0.20 4.21 0.11 0.53 0.02 1.17 0.01 0.23 0.02 0.58 0.15
12 8.04 0.87 5.07 0.18 1.06 0.14 1.75 0.10 0.26 0.01 0.37 0.11
50 7.94 0.22 5.66 0.04 0.93 0.03 1.75 0.03 0.19 0.01 0.06 0.03
 
 
Start Date 31-01-2008
Addtion: No additon 
Incubation day FDOMt SD FDOMm SD FDOMa SD FDOMc SD CDOM SD BP SD
0 10.51 0.19 5.60 0.15 0.95 0.01 1.62 0.04 0.23 0.02 0.94 0.02
1 10.46 0.22 5.75 0.14 0.97 0.03 1.65 0.05 - - - -
2 9.26 0.24 5.93 0.21 1.01 0.01 1.68 0.04 - - - -
4 9.01 0.88 6.10 0.17 1.04 0.03 1.73 0.06 0.24 0.01 0.60 0.11
12 8.55 0.44 6.20 0.01 0.97 0.03 1.65 0.07 0.30 0.04 0.07 0.02
50 7.92 0.05 7.18 0.30 1.04 0.02 1.63 0.09 0.29 0.03 0.11 0.07
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Start Date 07-02-2008
Addtion: No additon 
Incubation day FDOMt SD FDOMm SD FDOMa SD FDOMc SD CDOM SD BP SD
0 10.51 0.29 6.96 0.06 1.26 0.03 4.42 0.14 0.31 0.01 0.26 0.01
1 10.30 0.29 6.99 0.30 1.26 0.04 4.42 0.16 - - - -
2 9.64 0.47 7.15 0.28 1.26 0.04 4.42 0.14 - - - -
4 9.58 0.56 7.12 0.15 1.31 0.02 4.58 0.08 0.31 0.02 0.15 0.06
12 8.49 0.39 7.27 0.24 1.24 0.07 4.33 0.26 0.32 0.00 0.14 0.01
50 7.90 0.19 8.16 0.17 1.26 0.16 4.42 0.07 0.31 0.03 0.08 0.06
 
 
Start Date 14-02-2008
Addtion: No additon 
Incubation day FDOMt SD FDOMm SD FDOMa SD FDOMc SD CDOM SD BP SD
0 10.47 0.13 5.33 0.08 0.94 0.02 1.60 0.04 0.26 0.01 0.74 0.10
1 10.05 0.57 5.36 0.11 1.00 0.02 1.73 0.15 - - - -
2 9.14 0.28 5.35 0.15 1.01 0.03 1.71 0.02 - - - -
4 7.97 0.32 5.43 0.26 0.99 0.02 1.65 0.05 0.27 0.01 0.22 0.05
12 7.98 0.59 5.69 0.09 1.02 0.02 1.74 0.03 0.24 0.01 0.07 0.02
50 7.00 0.37 6.25 0.08 1.00 0.03 1.83 0.04 0.28 0.03 0.02 0.06
 
 
Start Date 17-04-2008
Addtion: No additon 
Incubation day FDOMt SD FDOMm SD FDOMa SD FDOMc SD CDOM SD BP SD
0 11.71 0.03 5.19 0.08 1.11 0.10 1.72 0.12 0.29 0.01 0.65 0.04
1 10.81 0.20 5.26 0.17 1.03 0.04 1.71 0.06 - - - -
2 10.03 0.52 5.56 0.07 1.09 0.01 1.83 0.03 - - - -
4 8.84 0.45 5.64 0.15 1.13 0.03 1.85 0.04 0.33 0.01 0.32 0.01
12 8.43 0.38 5.69 0.16 1.08 0.03 1.83 0.02 0.29 0.03 0.31 0.01
50 7.91 0.31 6.70 0.13 1.12 0.02 1.84 0.06 0.34 0.02 0.15 0.09
 
 
Start Date 24-04-2008
Addtion: No additon 
Incubation day FDOMt SD FDOMm SD FDOMa SD FDOMc SD CDOM SD BP SD
0 11.11 0.01 9.33 0.20 1.66 0.09 2.92 0.05 0.60 0.01 0.75 0.02
1 10.78 0.37 9.35 0.10 1.76 0.05 2.96 0.06 - - - -
2 10.62 0.17 9.27 0.21 1.78 0.02 2.97 0.04 - - - -
4 10.45 0.17 9.82 0.10 1.84 0.09 3.13 0.14 0.60 0.01 0.43 0.02
12 9.86 0.37 10.79 0.10 2.02 0.04 3.33 0.04 0.65 0.01 0.32 0.02
50 9.47 0.12 11.91 0.15 2.05 0.04 2.97 0.01 0.61 0.04 0.08 0.09
 
 
Start Date 26-06-2008
Addtion: No additon 
Incubation day FDOMt SD FDOMm SD FDOMa SD FDOMc SD CDOM SD BP SD
0 12.03 0.22 6.15 0.20 1.21 0.02 1.98 0.01 0.37 0.09 0.99 0.04
1 11.78 0.58 6.70 0.13 1.23 0.03 2.06 0.04 - - - -
2 9.60 0.40 6.91 0.12 1.21 0.01 2.05 0.03 - - - -
4 9.60 0.07 7.01 0.03 1.24 0.04 2.08 0.03 0.37 0.02 0.62 0.02
12 9.86 0.34 7.31 0.13 1.29 0.02 2.19 0.02 0.38 0.01 0.28 0.06
70 8.93 0.17 8.68 0.13 1.35 0.03 2.03 0.02 0.38 0.02 0.03 0.02
 
 
Start Date 03-07-2008
Addtion: No additon 
Incubation day FDOMt SD FDOMm SD FDOMa SD FDOMc SD CDOM SD BP SD
0 11.08 0.11 4.15 0.10 0.91 0.04 1.34 0.03 0.32 0.01 1.17 0.05
1 9.37 0.26 4.10 0.11 0.80 0.01 1.30 0.02 - - - -
2 9.34 0.03 4.16 0.18 0.83 0.03 1.38 0.03 - - - -
4 8.75 0.22 4.37 0.07 0.83 0.02 1.34 0.02 0.32 0.03 0.35 0.03
12 8.41 0.44 4.93 0.12 0.95 0.01 1.71 0.33 0.33 0.01 0.22 0.03
70 7.24 0.32 5.77 0.14 0.97 0.05 1.17 0.04 0.35 0.02 0.05 0.01
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Start Date 10-07-2008
Addtion: No additon 
Incubation day FDOMt SD FDOMm SD FDOMa SD FDOMc SD CDOM SD BP SD
0 11.97 0.23 6.40 0.07 1.28 0.04 1.95 0.02 0.39 0.01 1.29 0.03
1 10.67 0.54 6.62 0.03 1.22 0.02 1.97 0.03 - - - -
2 10.20 0.42 6.96 0.15 1.20 0.01 2.02 0.03 - - - -
4 9.28 0.43 6.99 0.11 1.20 0.01 2.03 0.03 0.41 0.00 0.63 0.02
12 8.85 0.44 7.62 0.16 1.29 0.03 2.17 0.04 0.40 0.04 0.11 0.03
70 8.56 0.16 8.70 0.15 1.31 0.05 2.03 0.03 0.40 0.03 0.04 0.03
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Appendix 4. Microbial DOM production data from Loch Creran 
 
Below is listed the DOM and nutrient data obtained during the incubation experiments 
described in chapter 5.  
 
Experiment 1
Incubation day PO4 SD DOP TP SD SD DIN SD DON TN SD SD DOC SD TOC SD
0 4.06 0.01 0.01 4.14 0.02 0.04 80.56 0.61 0.01 82.46 0.5 0.94 396.29 0.69 398.29 2.96
3 3.93 0.04 0.09 4.30 0.01 0.17 78.32 0.30 1.25 79.61 0.5 0.34 387.85 1.12 391.31 2.18
11 1.91 0.08 0.15 4.25 0.05 0.13 39.87 0.12 3.66 79.32 0.7 0.56 96.61 4.46 135.48 1.90
30 1.59 0.03 0.59 4.16 0.04 0.13 47.44 0.32 5.32 82.44 0.7 0.40 51.95 0.96 82.29 0.24
50 2.24 0.03 0.38 4.10 0.01 0.03 72.69 0.52 3.08 82.35 0.9 1.56 41.95 1.25 63.00 1.35
100 2.81 0.00 0.14 4.10 0.01 0.04 75.66 0.17 1.56 82.64 0.6 0.80 33.37 0.89 52.43 2.65
 
 
Experiment 2
Incubation day PO4 SD DOP TP SD SD DIN SD DON TN SD SD DOC SD TOC SD
0 1.42 0.02 0.00 1.41 0.01 0.04 80.21 0.35 -0.13 80.34 1.0 0.35 439.97 5.81 442.97 2.71
3 1.01 0.00 0.05 1.38 0.01 0.02 78.34 0.81 0.81 79.35 0.1 1.34 386.77 1.08 390.50 2.25
11 0.40 0.01 0.06 1.36 0.01 0.02 59.39 1.13 3.08 80.61 0.1 1.38 94.63 4.24 182.43 10.65
30 0.33 0.01 0.27 1.44 0.01 0.01 59.61 0.05 3.17 80.35 1.3 0.50 51.02 0.52 83.17 5.92
50 0.39 0.02 0.03 1.31 0.01 0.03 62.45 0.02 2.83 79.80 1.3 0.55 34.06 0.91 56.74 3.44
100 0.54 0.04 0.04 1.39 0.02 0.05 74.42 0.49 0.37 80.12 0.8 0.64 31.27 0.96 57.55 0.38
 
 
Experiment 3
Incubation day PO4 SD DOP TP SD SD DIN SD DON TN SD SD DOC SD TOC SD
0 4.18 0.00 -0.01 4.4479 0.0092 0.02 25.11 0.06 -0.15 24.96 0.70 0.76 424.97 0.82 423.97 0.82
3 4.07 0.01 0.10 4.32 0.02 0.02 21.83 0.02 1.52 24.20 0.33 0.05 394.42 1.13 403.73 10.61
11 1.45 0.01 0.41 4.28 0.05 0.01 7.33 0.13 3.07 24.51 0.76 1.03 110.00 7.05 186.96 5.44
30 1.87 0.01 0.43 4.44 0.01 0.01 5.57 0.26 3.51 24.81 0.40 1.01 47.48 0.20 59.83 0.65
50 2.01 0.03 0.29 4.45 0.00 0.07 11.39 0.30 2.36 23.09 0.11 0.84 30.95 0.89 47.18 0.11
100 2.98 0.01 0.17 4.47 0.00 0.02 20.85 0.04 1.19 23.38 0.51 0.11 34.51 1.02 49.97 1.68
 
 
Experiment 4
Incubation day PO4 SD DOP TP SD SD DIN SD DON TN SD SD DOC SD TOC SD
0 4.45 0.02 0.00 4.49 0.07 0.02 77.57 0.30 -0.24 77.74 0.02 0.32 163.49 0.44 160.49 0.44
3 2.99 0.01 0.11 4.4292 0.01 0.02 73.78 0.22 0.14 76.22 0.13 0.64 95.15 0.55 116.65 1.58
11 3.11 0.01 0.22 4.38 0.04 0.02 70.42 0.68 1.50 78.47 0.24 0.71 54.10 0.31 70.62 1.07
30 3.27 0.03 0.25 4.11 0.04 0.04 68.98 0.14 2.23 77.26 0.50 0.89 25.86 2.44 66.19 0.10
50 2.86 0.01 0.14 4.48 0.03 0.03 76.15 0.17 0.74 77.28 1.72 0.52 25.88 1.83 44.84 6.16
100 3.22 0.06 0.07 4.19 0.03 0.09 76.91 0.80 1.61 76.17 0.99 0.70 20.72 1.11 48.83 0.73
 
 
Experiment 5
Incubation day PO4 SD DOP TP SD SD DIN SD DON TN SD SD DOC SD TOC SD
0 4.73 0.03 0.00 4.72 0.05 0.05 93.44 0.24 -0.19 92.14 0.49 0.73 788.82 2.90 781.82 2.90
3 3.72 0.04 0.00 4.33 0.03 0.07 90.93 0.85 0.96 92.30 0.20 1.03 730.88 3.96 764.08 1.90
11 1.40 0.05 0.17 4.73 0.03 0.09 38.15 0.09 6.50 90.35 0.40 0.23 56.92 1.06 151.27 3.89
30 0.95 0.01 0.67 4.16 0.06 0.01 30.62 0.04 11.73 91.67 4.30 1.15 83.72 1.08 149.90 1.79
50 2.93 0.04 0.23 4.16 0.02 0.05 62.41 0.88 3.72 90.88 0.25 1.53 41.80 1.69 75.09 0.74
100 3.34 0.01 0.07 4.27 0.01 0.02 78.25 0.54 1.12 88.25 0.591 0.51 41.80 1.18 56.47 0.09
 
 
Experiment 6
Incubation day PO4 SD DOP TP SD SD DIN SD DON TN SD SD DOC SD TOC SD
0 4.47 0.03 -0.01 4.49 0.03 0.06 157.47 0.37 -0.28 163.33 0.37 0.69 411.39 6.20 411.39 6.20
3 3.86 0.03 0.02 4.41 0.02 0.04 154.78 0.26 1.87 164.69 0.91 0.58 144.99 4.22 217.77 4.01
11 1.64 0.01 0.15 4.39 0.01 0.02 132.31 0.02 2.51 164.21 0.52 1.54 116.64 2.09 190.56 5.30
30 1.47 0.02 0.61 4.41 0.04 0.04 124.79 0.72 5.29 158.82 2.00 2.24 45.03 4.23 110.77 1.19
50 2.58 0.02 0.22 4.29 0.01 0.02 129.53 2.03 3.21 155.54 1.85 1.27 39.13 2.64 68.79 3.34
100 2.82 0.01 0.10 4.53 0.01 0.01 131.37 0.28 2.41 155.57 1.95 0.46 23.60 0.41 48.32 1.11
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Experiment 7
Incubation day PO4 SD DOP TP SD SD DIN SD DON TN SD SD DOC SD TOC SD
0 8.11 0.06 0.00 8.18 0.05 0.07 79.18 0.13 -0.45 78.73 1.62 0.02 395.97 1.86 395.97 1.86
3 7.15 0.05 0.01 7.92 0.01 0.10 76.92 1.16 -0.04 78.58 0.34 0.42 368.71 0.08 388.93 5.82
11 3.96 0.02 0.33 7.56 0.02 0.08 52.24 0.95 3.67 77.97 0.69 1.09 104.64 6.35 154.66 9.15
30 4.45 0.00 0.73 8.00 0.03 0.00 44.97 0.15 5.80 78.10 0.57 0.16 47.83 0.07 152.13 2.31
50 5.22 0.02 0.35 7.83 0.03 0.03 55.32 0.10 1.27 79.03 0.69 1.07 34.84 0.79 101.61 0.35
100 6.02 0.01 0.20 8.00 0.01 0.02 78.01 0.01 1.46 79.04 0.56 0.65 27.56 1.14 81.41 0.51
 
 
Experiment 8
Incubation day PO4 SD DOP TP SD SD DIN SD DON TN SD SD DOC SD TOC SD
0 4.59 0.04 -0.06 4.66 0.00 0.06 88.09 0.40 -0.67 88.88 0.40 2.59 433.41 0.75 433.41 0.75
3 3.53 0.08 0.11 4.48 0.01 0.12 85.59 0.56 0.41 89.89 0.15 2.04 351.97 1.05 367.91 1.69
11 2.68 0.05 0.12 4.49 0.09 0.08 70.36 0.80 1.36 89.55 0.97 0.85 30.00 1.10 84.66 0.22
30 2.24 0.02 0.52 4.39 0.09 0.08 69.96 0.37 3.58 89.31 0.21 0.78 45.81 0.02 85.35 4.21
50 2.53 0.01 0.24 4.84 0.01 0.02 84.11 0.44 3.04 89.61 0.31 0.57 38.04 1.63 62.91 0.71
100 3.81 0.02 0.06 4.32 0.02 0.04 86.58 0.67 1.27 88.03 1.53 0.82 28.20 1.17 64.25 1.57
 
 
Experiment 9
Incubation day PO4 SD DOP TP SD SD DIN SD DON TN SD SD DOC SD TOC SD
0 7.06 0.07 -0.05 7.13 0.20 0.09 84.01 0.64 -0.05 86.09 1.89 1.14 542.53 2.46 542.53 0.75
3 5.22 0.02 0.05 7.13 0.01 0.03 82.18 0.68 0.48 85.85 0.64 2.50 482.02 1.15 489.04 2.46
11 3.07 0.08 0.37 6.98 0.02 0.10 66.71 0.01 4.76 87.10 3.35 0.73 113.07 1.18 158.98 2.36
30 3.11 0.03 0.55 7.07 0.04 0.10 54.63 0.60 5.70 85.39 1.23 2.21 74.35 0.87 104.46 1.92
50 6.08 0.04 0.12 7.48 0.01 0.07 71.52 0.24 4.39 85.76 0.35 0.72 46.54 1.43 52.76 0.19
100 6.30 0.04 0.12 7.31 0.04 0.07 73.36 0.09 1.90 84.67 0.20 0.85 38.23 1.36 45.47 0.66
 
 
Experiment 10
Incubation day PO4 SD DOP TP SD SD DIN SD DON TN SD SD DOC SD TOC SD
0 4.09 0.02 -0.01 4.08 0.05 0.04 82.07 0.33 -1.07 82.19 0.48 0.74 440.12 7.29 441.93 4.86
3 1.77 0.02 0.08 4.04 0.09 0.02 68.06 0.53 0.36 82.04 1.45 0.91 375.79 2.52 403.10 17.31
11 0.13 0.01 0.35 3.82 0.02 0.02 52.66 0.37 5.19 81.44 1.07 1.91 153.74 1.79 206.81 4.63
30 0.19 0.01 0.58 3.81 0.07 0.04 47.07 0.44 6.25 81.72 0.14 0.69 48.82 3.21 175.70 2.73
50 2.14 0.03 0.10 4.07 0.03 0.04 56.40 0.50 2.36 82.12 0.43 0.50 53.53 2.88 121.70 5.04
100 2.46 0.02 0.09 4.09 0.09 0.03 73.44 0.10 1.37 81.22 1.00 0.49 39.18 0.77 66.02 3.51
 
 
Experiment 11
Incubation day PO4 SD DOP TP SD SD DIN SD DON TN SD SD DOC SD TOC SD
0 7.69 0.06 0.01 7.71 0.15 0.07 50.96 0.38 -0.65 51.46 0.42 1.52 410.80 9.38 406.22 4.86
3 5.09 0.02 0.17 7.79 0.01 0.04 46.02 0.20 1.61 52.06 1.56 0.75 397.62 2.74 402.79 3.96
11 3.19 0.00 0.35 7.41 0.03 0.01 20.14 0.09 3.24 50.24 0.06 0.51 30.00 5.38 109.23 3.61
30 2.59 0.03 0.75 7.41 0.02 0.08 9.91 0.40 6.27 50.66 1.69 0.74 48.50 2.03 104.82 1.20
50 6.25 0.02 0.59 7.69 0.62 0.02 26.08 0.02 2.64 48.52 0.78 0.83 45.32 3.53 92.85 2.26
100 6.33 0.01 0.14 7.69 0.03 0.02 32.41 0.04 1.62 51.36 0.98 0.30 38.09 1.04 83.32 2.52
 
 
Experiment 12
Incubation day PO4 SD DOP TP SD SD DIN SD DON TN SD SD DOC SD TOC SD
0 7.57 0.07 -0.02 7.64 0.08 0.14 88.48 0.19 -0.74 85.12 0.41 0.50 408.69 2.69 406.76 2.49
3 5.66 0.03 0.02 7.54 0.02 0.06 86.13 0.31 -0.06 83.81 0.55 0.46 335.97 2.29 403.95 2.95
11 4.57 0.09 0.27 7.80 0.04 0.10 67.20 0.38 3.40 84.43 0.56 0.91 82.52 1.28 146.20 7.02
30 4.66 0.06 0.48 7.78 0.01 0.09 63.87 0.39 4.83 83.90 0.16 0.49 45.27 1.45 62.67 3.04
50 6.88 0.01 0.05 7.91 0.00 0.02 81.01 0.33 2.57 85.73 0.93 1.37 38.33 2.16 67.34 5.14
100 6.75 0.02 0.06 7.26 0.08 0.02 82.63 0.08 1.76 85.73 1.58 0.37 32.45 0.74 58.35 2.04
 
 
Experiment 13
Incubation day PO4 SD DOP TP SD SD DIN SD DON TN SD SD DOC SD TOC SD
0 7.43 0.10 0.02 7.19 0.10 0.10 84.10 0.26 -0.08 84.27 0.35 0.59 867.30 1.84 869.68 3.36
3 4.92 0.01 0.08 7.04 0.03 0.02 78.76 0.38 0.47 84.27 2.68 0.58 796.91 1.93 807.67 0.89
11 3.35 0.00 0.33 6.90 0.01 0.03 49.07 0.23 3.57 83.18 0.22 0.51 100.00 2.14 186.10 1.50
30 3.42 0.01 0.72 7.18 0.02 0.03 38.97 0.05 6.22 81.86 0.73 0.12 92.85 1.32 135.77 2.59
50 5.70 0.02 0.12 7.17 0.04 0.05 56.34 0.04 4.80 80.36 0.48 0.24 58.23 1.76 76.57 4.61
100 5.25 0.01 0.05 7.30 0.01 0.05 66.87 0.03 2.50 83.11 0.44 0.19 54.42 3.13 79.28 3.43
 
 
Experiment 14
Incubation day PO4 SD DOP TP SD SD DIN SD DON TN SD SD DOC SD TOC SD
0 7.28 0.05 0.00 7.36 0.06 0.20 164.66 0.38 -0.37 165.81 1.80 0.97 448.98 2.05 448.50 0.19
3 5.13 0.02 0.10 7.19 0.04 0.04 152.37 0.62 1.09 166.39 0.11 1.26 426.32 1.79 449.17 10.28
11 4.94 0.02 0.21 7.35 0.01 0.10 132.53 1.28 5.08 166.54 0.63 0.52 91.15 0.21 165.70 2.12
30 4.37 0.04 0.55 7.24 0.03 0.13 130.53 0.65 6.19 165.83 0.36 0.92 41.08 1.18 179.56 13.69
50 5.05 0.02 0.18 7.37 0.01 0.03 133.79 0.03 6.08 162.84 0.82 0.21 38.70 3.18 60.55 1.08
100 6.88 0.02 0.11 6.99 0.14 0.04 131.42 0.26 2.42 164.09 0.61 1.11 33.57 1.19 55.90 4.06
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Experiment 15
Incubation day PO4 SD DOP TP SD SD DIN SD DON TN SD SD DOC SD TOC SD
0 13.64 0.05 0.00 13.25 0.03 0.07 74.76 0.39 -0.29 74.42 1.78 0.72 442.49 0.00 443.23 4.86
3 10.48 0.04 0.22 12.97 0.06 0.06 55.16 0.21 2.85 72.84 0.05 0.48 258.70 6.91 320.86 1.25
11 8.18 0.03 0.21 12.71 0.03 0.05 44.86 0.65 4.86 73.90 0.67 0.56 77.05 6.91 132.16 0.33
30 12.31 0.06 0.28 13.255 0.04 0.12 43.91 0.06 5.96 72.76 0.15 1.00 49.63 1.06 80.07 6.39
50 12.50 0.04 0.09 13.16 0.05 0.05 53.19 0.12 4.78 73.22 1.95 0.68 44.13 7.77 85.10 1.96
100 13.83 0.01 0.11 13.30 0.03 0.03 71.29 0.03 2.24 73.04 0.00 0.21 41.81 0.70 58.09 0.01
 
 
Experiment 16
Incubation day PO4 SD DOP TP SD SD DIN SD DON TN SD SD DOC SD TOC SD
0 7.57 0.02 -0.03 7.58 0.01 0.05 96.54 0.87 -0.28 96.35 0.04 0.39 447.52 3.00 448.45 6.15
3 5.25 0.01 0.01 7.44 0.01 0.02 74.72 0.51 0.61 95.21 1.52 0.99 143.85 4.03 205.18 1.95
11 3.14 0.04 0.33 7.52 0.02 0.05 69.90 0.14 3.98 96.39 1.91 0.84 65.56 6.62 96.02 5.69
30 5.50 0.02 0.36 7.57 0.03 0.04 69.56 0.74 5.79 96.39 0.32 0.65 43.31 1.14 86.71 15.39
50 6.89 0.00 0.02 7.57 0.03 0.03 85.76 0.16 3.48 96.75 0.97 0.82 43.44 1.09 59.89 4.66
100 6.95 0.00 0.09 7.27 0.09 0.02 95.48 0.19 2.28 96.92 0.57 0.88 26.92 1.69 47.42 1.31
 
 
